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Abstract 
The work described herein deals with the synthesis and characterization of lead 
chalcogenide thin films and nanocrystals. The first part of thesis describes the 
properties of semiconductors followed by an analysis on the chemical vapour 
deposition and nanoparticulate formation. In the next part of thesis, single-
source precursors of type thioselenophosphinato, selenoureato, dithiocarbamato 
and dithiocarbanato complexes of lead have been synthesised and characterised. 
As-synthesised compounds have been utilised for the fabrication of lead sulfide 
and lead selenide thin films by aerosol-assisted chemical vapour deposition as 
well as nanocrystals by colloidal injection method. Lead sulfide thin films were 
also deposited by liquid-liquid interface from lead dithiocarbanato at room 
temperature. The as grown thin films of lead sulfide and lead selenide have been 
characterised by XRD, SEM and energy dispersive x-ray (EDX) analysis.   
              In the second part of the thesis, preparation of lead sulfide and lead 
selenide nanocrystals in olive oil at low growth temperatures (50-60 oC) is 
described and have shown that by controlling experimental conditions, well-
defined particles with tunable emission in mid and far-infrared region can be 
synthesised. Furthermore, compositionally-tuned PbSxSe1-x nanocrystals has 
also been prepared by adding controlled amount of sulur and selenium 
ingredients into lead oxide. Homogenous distribution of sulfur and selenium 
within alloyed nanocrystals is confirmed by transmission electron 
microscope studies. Moreover, attempts have been made to prepare 
quaternary (PbTe/Se/S) nanocrystals of lead chalcogenides and depth (1.9-
5.8 nm) profile analysis by x-ray photoelectron spectroscopy confirmed the 
formation of core/shell/shell type structure i.e. PbTe/S/Se. 
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Chapter1 
 
Introduction 
 
 
In this chapter, a general discussion about semiconductors, band structure, nanocrystals, 
growth of thin films by chemical vapour deposition and applications of semiconductors 
(thin films and nanocrystals) is described. Additionally, literature report about lead 
chalcogenide nanocrystals and their applications is also presented. 
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1.1. General introduction 
Inorganic materials can be classified in a number of ways but the most common method 
is according to their ability to conduct electricity namely, conductors, insulators and 
semiconductors.1, 2 A material that has much lower resistance to the flow of electrical 
current is classified as a conductor. Common examples include copper (Cu), zinc (Zn) 
silver (Ag) and sodium (Na). In all these examples, there is a partially filled outermost 
band. Each copper atom has one 4s electron and so the 4s band is half filled. Electrons 
in this band are free to move when an electric field is applied. An insulator in 
comparison to conductors offers more resistance to the flow of the electric current. All 
the electrons are held within the valence band and the conduction band remains 
completely empty. Due to large band gap it is energetically unlikely for an electron in 
the valence band to be promoted to the empty conduction band. A semiconductor on the 
other hand, shows resistance to the flow of electric current in between those of 
insulators and conductors. They have completely filled valence band separated by a 
small band gap from an empty conduction band. As a result, electrons can obtain 
enough energy to move into the conduction band. The electrical conduction in 
semiconductors depends on temperature, illumination and magnetic field. Another way 
of defining a semiconductor is on the basis of free carriers concentration at room 
temperature. Semiconductors have moderate carrier density while conductors have 
rather large carrier density, and insulators have a negligible carrier density. Table 1.1 
shows the classification of inorganic solids on the basis of resistivity, energy gap Eg, 
and carrier density (n).3     
Table 1.1. Classification of inorganic solids. 
Type Resistivity (Ohm-
cm) 
Eg  (eV) n (cm-3) 
 
Examples 
Conductor 10-5 to 10-6 nil 1022 Copper, Silver, 
Tungsten 
Semiconductor 10-2 to 109 0<Eg<4 < 1017 
 
Lead sulfide, 
Lead telluride 
Insulator < 1012  to  1022 4 ≤Eg << 1 
 
Sulfur, rubber 
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1.2. Electronic structure of semiconductors 
In order to understand the physics and the applications of semiconductors, we need to 
study the band theory. Band theory is basically derived from molecular orbital theory 
(MOT).4 According to MOT the linear combination of atomic orbitals approximation 
(LCAO) results in the formation of molecular orbitals on the basis of interaction of 
wave functions as shown in Figure 1.1. Hydrogen molecule (H2) is a typical example in 
which the single s electron wave functions of two hydrogen atoms (commonly 
represented as χA and χB) interact with all possible linear combinations to generate a 
bonding and antibonding orbital (ψ1 and ψ2) respectively. 
   ψ1 = χA + χB      and     ψ2 =  χA - χB  
The molecular orbitals formed thus have different energy levels than the corresponding 
overlapping atomic s orbitals. The bonding orbitals have lower energy while the 
antibonding orbitals are higher in energy than the original atomic orbitals. The two s 
electrons from hydrogen atoms in this case occupy the lowest possible energy 
configuration therefore populating the bonding orbitals whereas the antibonding orbitals 
remain unoccupied.5 In a similar way, due to large number of combining atomic orbitals 
in materials (conductors, insulators and semiconductors) these energy levels merged 
together and form energy bands as shown in Figure 1.2. Each band has a different 
energy and the electrons fill these bands from the lowest energy to the highest, similar 
to the way electrons occupy the orbitals in a single atom. The band that contains 
electrons and has lower energy is called the valence band, whereas the band which is 
empty and has highest energy is known as the conduction band. The band gap is the 
difference in energy between the valence and conduction bands. The laws of quantum 
mechanics forbid electrons from being in the band gap; thus, an electron must always 
be in one of the bands.1 
 Electrons are unable to occupy the region in between these energy bands and 
this region is termed as the band gap (Eg). Absorption of energy results in transition of 
an electron from the valence band that crosses the band gap and shifts to the conduction 
band. The energy required for this transition is the characteristic of the particular 
material in question. These unique band gaps are usually measured in electron-volts 
(eV).  
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Figure 1.1. Schematic diagram of molecular orbitals in inorganic solids on the basis of 
linear combination of atomic orbitals (LCAO). 
 
 
 
In a metal (Cu, Ag), the valence band is only partially filled with electrons. This means 
that the electrons can access empty areas within the valence band, and move freely 
across all atoms that make up the solid as shown in Figure 1.2 (a). A semiconductor 
(Figure 1.2 (b)) is a special case in which the band gap is small enough that electrons in 
the valence band can jump into the conduction band using thermal energy. Thus an 
important property of semiconductors is that their conductivity increases as they heat up 
and more electrons fill the conduction band. In an electrical insulator, there is no 
possibility for electron transition (Figure 1.2 (c)), because the valence band is 
completely filled with electrons, and the conduction band is too far away in terms of 
energy to be accessed by these electrons. 
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Figure 1.2. Schematic diagram of electronic band structure of (a) conductor 
(b)semiconductor and (c) insulator. 
 
 
1.3. Extrinsic and intrinsic semiconductors 
For every electron excited into the conduction band, a vacant site, known as a hole, is 
created in the valence band. This hole behaves like a positive charge carrier with the 
same magnitude of charge as the electron, but with opposite sign. In a pure 
semiconductor, the number of electrons in the conduction band must be equal to the 
number of holes in the valence band because each electron gives rise to one hole. In the 
presence of an electric field, the position of the hole within the crystalline lattice can be 
thought of as moving as other valence electrons repeatedly fill the vacant site. Under 
such conditions, electrons and holes move in opposite directions. The electrical 
conductivity of semiconductors is therefore a direct function of the number of free 
electrons and holes. Beside the temperature, the presence of impurities in the crystal 
lattice also affects the conductivity. Intrinsic semiconductors display electrical 
properties based on the inherent electronic structure such as silicon (Si), gallium (Ga). 
On excitation, each electron is promoted into the conduction band creating hole (vacant 
site) in the valence band.6  
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Figure 1.3. Electronic diagram of (a) Si semiconductor crystal showing the distribution 
of electrons in the outer shell of each Si atom. Each Si atom has eight electrons in outer 
shell; four from its own outer shell and one from each of the four nearest Si atoms, (b) 
n-type doping, the fifth electron does not contribute to the bonding, free to move inside 
the Si crystal. (c) p-type doping, the circle shows the contribution of one electron from 
Si to Boron (B), since it contains three electron in outer most shell.   
 
 
 
 Extrinsic semiconductors have their electrical properties based on impurities, 
also known as dopants. They have considerably higher conductivity compare to 
intrinsic semiconductors. The commercially available semiconductors belong to this 
type. The process of addition of controlled impurities is known as doping which can 
tailor the electronic and conductivity properties. The addition of impurity atoms into a 
semiconductor material produces new energy levels within the band gap. When a 
semiconductor is doped with atoms having more valence electrons (doping of Silicon 
with Phosphorus), materials are termed as n-type as is shown in Figure 1.3 (a). The 
extra non-bonded electron remains bonded to phosphorus atom. When this electron is 
(a) (b) 
(c) 
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promoted to conduction band by utilizing thermal energy at room temperature, a 
positive charge on each phosphorus atom is created. This positive charge remains attach 
to the phosphorus nuclei and does not act as mobile hole. Under the charge imbalance, 
fermi level shifts towards the conduction band and a new energy level is thus formed as 
is shown in Figure 1.4 (a).  
 However, when doping is created with such atoms which have one less valence 
electron than host (doping of Silicon with Boron) as is shown in Figure (1.3b), impurity 
atoms act as electron acceptor and create holes (positive charge) in host materials. They 
are known as p-type and fermi level shifts close to valence band (Figure 1.4 (b)).6 
Besides, a number of compound semiconductors can act as n-type or p-type materials 
based on defects within the crystal lattice. These defects arise due to vacant sites in the 
lattice corresponding from stoichiometry. For example, in PbS, due to excess of sulfur 
vacancies it acts as n-type or p-type due to excess of Pb sites. 
 
 
Figure 1.4. A pictorial representation of electronic diagram of extrinsic and intrinsic 
semiconductors showing the position of Fermi level (a) n-type, (b) p-type and (c) 
intrinsic semiconductor 
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1.4. Direct and indirect band gap semiconductors  
Band-to-band absorption occurs due to the photoexcitation of an electron from the 
valence band to the conduction band. In crystalline solids, the band structures depend 
on the electron wave vector K. On the basis of transition between band to band, 
semiconductors can be grouped as direct and indirect band gap semiconductors. 7, 8 
 
                                    
    
                                         
 
Figure 1.5. (a) A direct transition from the valence band (VB) to the conduction band 
(CB), (b) and (c) fundamental absorption of photon of GaAs 7and CdTe 8respectively. 
Figures are reproduced with permission from reference 1. 
 
 
 In direct band gap semiconductors (GaAs, PbS or ZnO), the  process does not 
involve phonons. Since photon momentum is negligible compared with electron 
momentum, the K-vector does not change. A direct transition on the E-K diagram is a 
vertical transition from an initial energy E and wave vector K in the VB to the final 
energy E’ and wave vector K’ in the CB where K’=K as shown in Figure 1.5 (a).1 The 
energy (E’-Ec) is the kinetic energy of the electron with an effective mass Q, and Ev-E is  
(a) (b) 
(c) 
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the kinetic energy of the hole left behind in VB. The Eg is band gap energy (Ec-Ev).1 
The Figure 1.5 (c ) and (d) represents the direct band gap GaAs and CdTe 
semiconductors, the extrapolation to zero photon energy provides band gap Eg which is 
1.40 eV for GaAs and 1.46 eV for CdTe. 
 
 
Figure 1.6. (a) Indirect transitions across the band gap involve phonons. (b)  
Fundamental absorption in Si at two temperatures. Figures are reproduced with 
permission from reference 1 
 
  
 
(a) 
(b) 
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In indirect band gap semiconductors, absorption of photons requires the absorption or 
emission of phonons as illustrated in Figure 1.6. For indirect band gap semiconductor 
like silicon, an electron cannot be directly excited to the conduction band with energy  
Eg. Additional energy is required as a phonon, the electron undergoes a change in 
momentum and we obtain an indirect transition with energy hν = Eg + Ephonon. The 
phonon energy, Eph, is very small compared to Eg.  
 Figure 1.6 (b) shows fundamental absorption of Si at two temperatures. Since 
indirect transitions require the participation of phonons (lattice vibrational energy) and 
hence are unambiguously dependent on temperature. The absorption coefficient for 
indirect semiconductors is smaller than that for direct semiconductors; in essence light 
absorption is a less efficient process for indirect semiconductors. Indirect band gap 
semiconductors have lower absorption co-efficient for example, 99% of light photons 
with energy equal to the band gap of CdTe (~1.45 eV) are absorbed by a 1 µm thick 
layer. By comparison, crystalline silicon (indirect band gap material) requires 20 µm 
thickness layers.  
 Similarly, in the case of light emission, a direct band gap material is also more 
likely to emit a photon than an indirect band gap material. Indirect band gap materials 
are occasionally used for some LEDs; they result in low conversion efficiency. Direct 
band gap materials are used exclusively for semiconductor laser diodes. Table 1.2 
shows band gaps and other important parameters of selected semiconducting materials.9 
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Table 1.2. Physical properties of commonly used semiconducting materials3 
 
Semiconductors Band-gap 
(eV) 
Band gap 
type 
Lattice 
Parameters (Å) 
Crystal 
Structure 
IV-IV  
 
    
Ge 0.66 Indirect 5.646 Cubic 
 
Si 
 
1.12 Indirect 5.437 Cubic 
II-VI  
 
    
ZnS 3.68 Direct 5.420 Cubic 
 
CdS 2.42 
2.51 
Direct 
Direct 
5.832 
6.710 
Cubic 
hexagonal 
ZnSe 2.70 
4.00 
Direct 
Direct 
5.669 
6.54 
Cubic 
Hexagonal 
 
CdSe 1.70 
1.75 
Direct 
Direct 
6.050 
7.010 
Cubic 
Hexagonal 
 
CdTe 
 
1.56 Direct 6.482 Zinc 
blende 
III-V  
 
    
GaAs 1.42 Direct 5.653 Cubic 
 
InP 1.35 Direct 5.869 Cubic 
 
InAs 0.36 Direct 6.058 Cubic 
 
AlAs 2.16 
 
Indirect 
 
5.661 
 
Cubic 
 
IV-VI 
 
    
PbTe 0.29 Direct 6.439 
 
Cubic 
PbSe 0.27 
 
Direct 
 
6.12 
 
Cubic 
PbS 0.41 Direct 
 
5.9 Cubic 
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1.5.  Application of Semiconductors 
Semiconductors form the basis of modern information processing devices. In essence, 
our technological modern life would not be possible without semiconductor industry. 
The fabrication of first semiconductor device transistor in 1948 at Bell laboratories 
stimulated the scientists to prepare improved technological devices. To date, these tiny 
structures are integral components of CD/DVD players, cellular phones and computers. 
In addition, they have also been used to prepare diodes, bi-polar junction transistors and 
field effect transistors. The fabrication of modern optoelectronic devices such as laser 
diodes, modulators and detectors is very much indebted to them.  
 Besides their contribution in technological important devices, semiconductors 
also provided platform to explore fundamental questions of physics. Quantum Hall 
effect (QHE), tunnelling effect (TE) and multiple exciton generation (MEG) are some 
noteworthy processes that have been studied in semiconductor structures. Table 1.3 
shows the main application of semiconductors.10   
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Table 1.3. Applications of some important semiconductors.10 
 
Materials 
 
Devices Applications 
GaAs/AlGaAs Detectors,infrared LEDs, 
lasers 
Remote control TV, video disk 
players, rang findings, optical 
fiber communication 
 
InP/InGaP 
 
Infrared LEDs, lasers 
1.6µm) 
 
Optical fiber communication 
InP/InGaAs 
 
1-1.67 µm detectors 
 
Optical fiber communication 
Displays, laser 
 
InGaAlAs/InGaAs 
 
1.67-2 µm LEDs 
 
Printers/scanners 
 
GaInAlP 
 
LEDs and lasers 
 
Watches, calculators, 
Si 
 
Detectors, solar cells 
 
Detectors 
 
SiC Blue LEDs Displays 
 
GaSb,/GaAlSb,/InSb Long wavelength detector Infrared imaging, night vision 
sights, missile seekers 
 
PbS IR-detectors, photodectors Optical fiber communication, 
sensors, lasers 
 
PbSe IR-detectors, photodectors Optical fiber communication, 
sensors 
 
PbTe Thermoelectric devices, Heating devices 
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1.6. Nanocrystals of semiconductors 
The term 'nanocrystal' is used to describe a particle having size in the range of 1 to 100 
nm, at least in one of the three possible dimensions.11 Semiconducting nanocrystals 
(NCs) have been an area of immense research interest in last two decades. The driving 
factor behind such interest in NCs is their shape and size-dependent unique electronic, 
optical, catalytical and chemical properties compared to their bulk counterparts.12-15 
They are considered as artificial atoms and occupy a unique position as a bridge 
between atoms and bulk solids as shown in Figure 1.7.  
 
 
Figure 1.7. Schematic diagram to show energy levels in an isolated atom, molecule, 
nanocrystals and bulk solid.11 
 
 
 The properties of bulk materials are determined by intramolecular bonding 
forces as their strength is much stronger than intermolecular binding forces therefore, 
electronic, optical properties of such materials are independent of the size of crystal.2  
On the other hand, inorganic semiconductors and metals consist of a network of ordered 
atoms, where electronic excitation from valence band to conduction band results in the 
formation of a loosely bound electron-hole pair usually delocalized over a length longer 
than the lattice constant of the material. As the size of semiconductor crystallite  
46 
 
 
approaches this excitonic Bohr diameter, electronic properties start to change. This 
effect is known as quantum size effect (QSE). Nanocrystals can be made of materials of 
diverse chemical nature, the most common being metals, metal oxides, silicates, non-
oxide ceramics, polymers, organics, carbon and biomolecules. Nanocrystals exist in 
several different morphologies such as spheres, cylinders, platelets, tubes, etc. 
Generally, they are designed with surface modifications tailored to meet the needs of 
specific applications they are going to be used for. Nanostructures have a large fraction 
of surface atoms per unit volume. The ratio of surface atoms to interior atoms changes 
dramatically if one successively divides a macroscopic object into smaller parts. Figure 
1.8 shows how percentage of surface atoms changes with the palladium cluster 
diameter.16 Such a dramatic increase in the ratio of surface atoms to the interior atoms 
in nanostructures and nanomaterials might illustrate why changes in the size range of 
nanometers are expected to lead to great changes in the physical and chemical 
properties of the materials. The total surface energy increases with the overall surface 
area, which is in turn strongly dependent on the dimension of material.17  
 
 
Figure 1.8. The percentage of surface atoms changes with the palladium cluster 
diameter. The figure is adopted from reference 16. 
 
 Table 1.4 indicates how the specific surface area and total surface energy of l g 
of sodium chloride varies with the particle size.17 When the size of particles change 
from centimeter to nanometer, the surface area and the surface energy increase seven  
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orders of magnitude. Due to the vast surface area, all nanostructured materials possess a 
huge surface energy and, thus, are thermodynamically unstable or metastable. 
 
 
Table 1.4.Surface energy variation with the size of NaCl particle17. 
Side (cm) Total surface area 
(cm2) 
Total edge (cm) Surface energy 
(J/g) 
Edge energy 
(J/g) 
0.77 3.6 9.3 7.2 x10-5 2.8 x10-12 
0.1 28 5.50 5.6 x10-4 1.7 x10-10 
0.01 280 5.5 x104 5.6 x10-3 1.7 x10-8 
0.001 2.8 x 103 5.5 x106 5.6 x10-2 1.7 x10-6 
10-4 (1 µm) 2.8 x 104 5.5 x108 0.56 1.7 x10-4 
10-7 (1 nm) 2.8 x 107 5.5 x1014 560 170 
 
 
 
1.7. Quantum size effect  
 
Quantum size effect (QSE) can be defined as the increase in band gap of a metal or 
semiconductor material with decrease in the size of particle. It results in the formation 
of discrete energy levels of the electrons and holes as shown in Figure 1.9. 
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Figure 1.9. General form of the first few electrons and hole energy levels of PbS or 
PbSe NCs. The states are labelled by the quantum numbers (total angular 
momentum).The figure is reproduced with permission from reference 18. 
 
  
The QSE can be observed as a blue shift in optical absorption spectrum of the NCs. For 
example, in CdS, QSE occurs when the crystallite diameter is comparable or below the 
exciton diameter of 50-60 Å (3000-4000 atoms), however, in PbS this size effect can be 
observed for a crystallite as large as 180 Å, which contains over 105 atoms. In 
confinement regime, electrons and holes are trapped in a small area, leading to novel 
physical and chemical properties. Quantum confinement of holes and electrons takes 
place in 2-D, 1-D or 0-D.18 The NCs are promising and ideal materials for applications 
in devices from optoelectronics, single electron transistors and light emitters, non-linear 
optical devices, catalysis, solar energy conversion,  photonic band gap materials to 
biomedical applications. 
 
1.8.  Synthesis of nanocrystals (NCs) 
A number of synthetic strategies are used for nanocrystals including gas phase 
synthesis, colloidal thermolysis, solvothermal synthesis, synthesis in confined matrices 
and interface.12-15 The desired characteristics of the synthesized nanocrystals (NCs) 
include a narrower size and shape distribution, high degree of crystallinity, appropriate 
surface layer composition and higher luminescence quantum yield. Moreover, synthetic  
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methods should be readily available, reproducible and those involving reagents with 
low toxicity. 
 In comparison to above described methods, colloidal thermolysis is regarded as 
the most successful and reproducible method of synthesis of desire size and shape of 
NCs (Figure 1.10). Colloidal thermolysis involves the injection of precursors (single or 
dual source) in hot solvent in the presence of surfactants. This method was first 
introduced in 1993 by Bawendi and co-workers.19 They employed dimethyl cadmium or 
dimethyl zinc compounds to prepare CdSe and ZnS in the presence of trioctylphosphine 
oxide (TOPO). However, the use of pyrophoric and air sensitive starting materials 
limits this technique to be employed on industrial scale. Single source metal-organic 
route was then developed to lower the risk associated with colloidal thermolysis. To 
date, a large number of single source precursors have been synthesized and used to 
deposit metal sulfide, selenide and telluride nanomaterials. The driving factor behind 
such an interest is not only to avoid using pyrophoric and toxic materials but also 
carefully design metal-precursors, provide the relevent elements entities and surpress 
the impurities asoosicated with multiple source materials. The presence of only one  
precursor molecule in the supply stream reduces the likelihood and extent of pre-
reaction and controls intrinsic stoichiometry. 
 
 
 
Figure 1.10. Experimental setup for colloidal synthesis of nanocrystals (NCs). Figure is 
reproduced with permission from reference 19 (b). 
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1.9. Growth process of nanocrystals 
According to classic model of crystallization, a crystal is formed via addition of atom 
by atom or monomer by monomer to an inorganic or organic template or alternatively 
by dissolution of unstable phases and precipitation of the more thermodynamically 
stable phase.20-21Extensive research has been carried out to understand these processes 
and factors affecting them aiming to get insight to prepare nanocrystals in desired shape 
and size. Interestingly, for a specific solute there is certain limit of solubility in a 
particularly solvent and addition of excess solute will result in precipitation and 
formation of nanocrystals. Broadly two stages can be identified during the growth of 
nanocrystals namely nucleation and growth (Lamer and Dinegar’s model).20 For the 
nucleation stage, solution should be supersaturated either by directly dissolving the 
solute at higher temperature and subsequently cooling to room temperature or by 
introduction of reactants to yield supersaturating solution during the reaction. 
Nucleation stage is followed by particle growth stage. Growth occurs either by 
diffusion or coalescence. In diffusion growth, monomers in solution interact with the 
solid seeds to form a bigger particle, whereas in coalescence nuclei merge into a bigger 
particle. The coalescence mechanism creates defects and grain boundaries in resulting 
nanocrystals due to utilization of energy process (Figure 1.11). 
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Figure 1.11. A schematic representation of the mechanism during the growth of NCs 
according to Lamer and Dinegar’s model of variation of concentration versus time. 
Curve I represents formation of uniform particles by diffusion, curve II bigger size 
particles formations by aggregation of smaller subunits, while curve III represents 
formation of large particles by ostwald ripening. Figure is reproduced with permission 
from reference 20.  
 
 
 With the passage of time when the reactants are depleted due to particle growth, 
size defocusing or ostwald ripening will take place, where larger nuclei continue to 
grow and smaller ones get smaller and finally dissolve. Stopping the reaction at this 
stage will result in the particles having broad size distribution. Thus, it is difficult to get 
monodisperse particles unless the reaction time is extended to deplete the super 
saturation and the smaller nuclei. Thus, by rapid injection of precursors in solvent 
which generates sudden burst of nuclei simultaneously followed by self sharpening 
growth process nearly monodisperse sized particles can be obtained by stopping the 
reaction.  
 
 
1.10. Applications of semiconductor nanocrystals 
Nanocrystals of metals and semicondcutors have potential applications in a number of 
fileds including, in energy and power, health and biomedicine, electronics and 
computers, environmental applications, new engineering materials, consumer goods,  
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personal care products, food and transportation. To perform these functions 
nanocrystals have to be synthesized, passivated to control their chemical reactivity, 
stabilized against particle aggregation, and functionalized to achieve specific 
performance goals.12-15, 22 
 
1.10.1 Solar Cells applications 
Semiconductors nanocrystals have the potential to enable new advances in the solar cell 
industry. Since the world's oil and other fuel resources are finite and depleting, efforts 
have been dedicated towards finding energy alternatives. The main disadvantage of 
photovoltaic (PV) solar cells is manufacturing cost. The advantage of using NCs in 
solar cell is ability to tune band gap, which allows control of the wavelength at which 
they will absorb or emit radiation. It is known that greater the band gap of a solar cell 
semiconductor, the greater the output voltage provided towards electricity generation. 
On the other hand, a lower band gap results in a higher current output but lower voltage. 
Both high currents and voltages are desired for efficient solar-electric conversion. Thus, 
there exists an optimum band gap that corresponds to the highest possible solar-electric 
energy conversion. Nanocrystals (NCs) offer more cost effective and cheap PV. They 
employ relatively inexpensive materials.  
 
1.10.2 Thermoelectric applications 
Thermoelectric is a device which converts heat into electrical current and vice versa. 
Thermoelectric devices made up of nanocrystals (PbTe) would be of particular use to 
the silicon chip industry. Due to small size, loss of electrical current as heat often 
occurs which affect other components of devices. Nanocrystals thermoelectric devices 
are ideal to electrically cool silicon chips, ensuring that heat damage does not occur. 

1.10.3 Light emitting diodes 
Nanocrystals of semiconductors are useful materials to be used in Light emitting diodes 
(LED). Nanocrystals (LEDs) offer substantial advantages over organic LEDs (OLEDs) 
which make use of organic fluorophores to emit radiation. This is because OLEDs have 
poor photostability and short lifetimes relative to nanocrystals LEDs. Significant cost  
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savings can be realized in the production of high quality white light from nanocrystals 
LEDs over OLEDs.  
 
1.10.4 Counterfeiting applications 
Counterfeiting is one of major problem around the world. Efforts are being focused to 
develop and improve to combat counterfeiting. The anti-counterfeiting technology 
involves tagging the products with codes, dye, ink or placing specific trademarks which 
distinguish from imitation items. Nanocrystals tagged products would represent an 
exceptionally difficult to duplicate system. This is due to their narrow and specifiable 
emission peaks, and their excitation wavelength dependent emission intensity. Thus, 
based on these properties, nanocrystals of different sizes can be combined to produce 
unique and nearly unlimited variety of different spectral ‘barcode’.  
 
1.10.5 Biological Applications 
Nanocrystals of metals and semiconductors have received considerable interest due to 
their applications in biological world.22 Important applications include: fluorescent 
biological labels, drug and gene delivery, detection of pathogens, probing of DNA 
structure, tissue engineering and cancer detection. The use of nanocrystals as 
fluorescent biological labels is one of major application. Traditionally, organic dyes 
have been preferred materials for such type of applications. However, organic dyes 
have limited absorption and emission range. Peak emission of organic dyes cannot be 
changed and often it lies outside the spectral range.  Organic dyes produce 'shoulders' in 
their emission and absorption peaks, which is a major disadvantage if the applications 
requires Gaussian type emission patterns in order to work correctly. Moreover, organic 
dyes are less stable and have low lifetimes. Infrared emitting nanocrystals (lead 
chalcogenide) are suitable materials for such applications.  
 
1.11. Deposition of thin films  
Thin film of semiconductor materials can be grown by a number of techniques: physical 
vapour deposition (PVD), chemical bath deposition (CBD), liquid phase epitaxy (LPE) 
and chemical vapour deposition CVD. CVD technique has many advantages over 
physical processes, such as a good conformal coverage, the possibility of epitaxial 
growth and selective deposition, the capability of large-scale production, and the ability  
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to produce metastable materials. The deposition of thin films by CVD process involves 
the thermally induced reaction of the precursors on a heated surface. The process can be 
divided into several steps: (1) Mass transport of reagents to the deposition zone; (2) Gas 
phase reactions in the boundary layer to produce film precursors and by-products; (3) 
Mass transport of film precursor to surface; (4) Adsorption of film precursor on surface; 
(5) Surface diffusion of precursor to growth site; (6) Surface chemical reactions lead to 
film deposition and by-product de-sorption, (7) Mass transport of by-product out 
reaction zone 4 (Figure 1.12).10  
                 
 
 
Figure 1.12. Schematic representation of CVD processes. 
 
 
 
 
1.11. Types of Chemical Vapour Deposition 
 
Traditionally, thermal energy is used to activate the chemical reactions in CVD. 
However, the CVD reactions can also be initiated using different energy sources. This 
has led to the development of many different kind of CVD methods such as plasma 
enhanced CVD (PECVD) and photo-assisted CVD (PACVD). In these methods, light 
and plasma is used to activate precursor and to activate the chemical reactions. Another 
variant of CVD include metal-organic CVD (MOCVD), which uses metal-organic as 
the precursor rather than the inorganic precursor used in the conventional CVD method.  
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The metal-organic chemical vapour deposition (MOCVD) process for the growth of 
compound semiconductor materials originated in the pioneering work of Manasevit. 
Since then, it has been developed especially for the growth of III–V 23-26, II–VI27-30 and 
IV–VI semi-conducting material31-32 for opto-electronic applications (e.g. light-emitting 
diode, hetero-junction bipolar transistors, solar cells, photo-cathodes, advanced laser 
designs such as quantum well and double hetero-structures, etc.). 
 Variation in precursor transportation mode has also led to different CVD 
techniques. Aerosol assisted CVD (AA-CVD) can be used for precursors that are less-
volatile but can be dissolved in organic solvents. In AA-CVD, solution of precursor in 
high boiling organic solvent (or mixture of solvents) is transformed into finely divided 
sub-micrometer liquid droplets (aerosol). The droplets are generated using the 
ultrasonic aerosol generator, electrostatic aerosol generator or electro-spraying method. 
The generated aerosol will be delivered into a heated zone, where the solvent is rapidly 
evaporated or combusted, and the intimately mixed chemical precursors undergo 
subsequent decomposition and/or chemical reaction near or on a heated substrate to 
deposit the desired film.  
 The main advantages of AACVD are: (a) it simplifies the generation of vapours 
and delivery method as compared to the conventional CVD method which uses a 
bubbler/vaporizer method (b) AACVD uses single source precursors which enable the 
synthesis of multi-component materials with well controlled stoichiometry (c) it allows 
rapid formation of the deposited phases at relatively low temperatures due to the small 
diffusion distances between reactant and intermediates and (d) it is a relatively low cost 
process as compared to conventional CVD because the AACVD process can be 
performed in an open atmosphere for the deposition of oxide and some less oxygen 
sensitive non-oxide materials without the need of any sophisticated reactor and/or 
vacuum system. However, in spite of these promising advantages, industrial 
applications of MOCVD process are still limited, probably because the commercial 
availability of starting molecular compounds is limited. Thus, much efforts have been 
aimed at the synthesis of new precursors. An ideal precursor should have (1) a good 
volatility and (2) good thermal stability during its evaporation and transport in the gas 
phase (3) it should decompose cleanly on pyrolysis (4) it should have a high purity (5) 
non-toxic and non-pyrophoric (6) stable when stored over a long period, and (7) readily 
available in consistent quality and quantity at low cost. 
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The conventional precursors for MOCVD are usually highly volatile and toxic 
compounds such as metal alkyls, phosphines, and hydrogen selenide. The conventional 
multiple source MOCVD processes have many disadvantages such as (a) difficulty to 
control stoichiometry (b) impurity incorporation, (c) unwanted side reactions (d) high 
processing temperature which may cause inter-diffusion of layers. In order to overcome 
these disadvantages, during the past few decades, much attention has been paid on the 
development of the alternative single-source precursors. A single source precursor is a 
metal-organic molecule which contains all the desired elements for the growth of a 
compound material.  The use of such molecular precursor reagents may provide 
significantly improved processes for the fabrication of films due to the inherent control 
of the stoichiometry, fewer toxic precursors, and simplified fabrication compared to 
multiple-source processes. In addition, such precursors usually allow deposition of the 
desired phase at temperatures lower than those of the conventional multiple source 
processes.  
 
1.13. Lead chalcogenides nanocrystals 
Chemists, spurred by the realization that the physical and chemical properties of tiny 
crystallites are inherently dependent on their dimensions and shape have devised a 
number of synthetic schemes capable of producing such crystallites. In addition to 
fundamental properties, the potential applications of such crystallites in various 
technological areas have served to motivate these studies. A key feature of such tiny 
crystallites (also known as nanocrystals) is dependence of their band gap on their size 
which is outcome of quantum confinement effect (QCE). Thus, optical absorbance, 
photoluminescence emission and other features which depend on the width of band gap 
can be precisely tuned by changing the crystallite size. The quantum confinement effect 
(QCE) arises when the diameter of these crystallites becomes smaller than Bohr exciton 
radius.1, 13, 33 
 Lead chalcogenides occupy a unique place in the family of compound 
semiconductors. They are direct and narrow band-gap semiconductors and could be 
expected to exhibit similar size-dependent behaviour as the widely studied cadmium 
systems.34,35 However, the relatively large Bohr radii of these materials (18-46 nm)22 
compared to cadmium systems (4-10 nm), 35 places them in the so-called “strong 
confinement” regime.  In this domain, shape and size effects produce extreme changes  
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to the physical and chemical properties, relative to the bulk.13 Consequently, these 
materials have found applications in many devices including, sensors,36 photometers,22 
remote sensing of gaseous pollutants in trace gas sensing devices for analysis of toxic 
gases, for human breathe analysis in medical diagnostics,37 electroluminescent devices 
38
 non-linear optics,39 window coatings and thermoelectric.22 More recently, multiple 
exciton generation for PbE (E = S, Se, Te) QDs has been suggested and demonstrated 
experimentally with potential to lead to an entirely new paradigm in high efficiency and 
low cost solar cell technology.40-41 
The salient features of lead chalcogenide in comparison with other compound 
semiconductors are as follows.  
 
 In lead chalcogenides both valence band maximum and the conduction band 
minimum occur at the L points of the Brillouin zone. This unique feature along 
with small energy band gap leads to strong effective masses of electrons and 
holes and strong spin-orbit interaction. 
 The band gap of IV-VI binary system depends on temperature i.e. the 
temperature coefficients 0dE
dT
of the minimum energy gap E0 is positive which is 
negative for all other elemental or binary compound semiconductors. 
 The band gap of lead chalcogenides is also sensitive to hydrostatic pressure. It 
decreases with the increase in hydrostatic pressure and vice versa. 
 Lead chalcogenides can act as p-type or n-type semiconductor. This property 
depends on the lattice structure of ultimately formed materials. The vacancies 
and interstitial sites induced by the excess of either lead or chalcogenide controls 
the type of conductivity; an excess Pb2+ causes n-type conductivity and an 
excess of chalcogenide cause p-type conductivity. 
 The dielectric constants of IV-VI binary system is unusually high as compare to 
other semiconductors.  
 
                Important properties of bulk lead chalcogenide are given in table 1.5.22 
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Table 1.5. Selected physical properties of lead chalcogenides. 
Properties PbS PbSe PbTe 
Bohr radiusbulk   (nm) 18 46 46 
Band gap (373K) (eV) 0.41 0.29 0.27 
Density (g/cm3)      7.6     8.3      8.2 
Dielectric constant     169    204     414 
Structure   Cubic   Cubic    Cubic 
Lattice spacing (Å)   5.936   6.124     6.460 
 
 
 The structures of the lead chalcogenides can be viewed as a face-centered cubic 
(fcc) array of E2- (E = S, Se, Te) anions with the bulky cations Pb2+ occupying all the 
octahedral holes (Figure 1.13 (a-b)). Alternatively, it can be viewed as a structure in 
which the anions occupy all the octahedral holes in an fcc array of Pb2+ ions. The 
coordination number of each type of ion is 6, and the structure is said to have (6, 6)-
coordination. The nature of bond between Pb and chalcogenide has been studied 
extensively; some reports treat this bonding as ionic, other covalent and still other 
mixture of both ionic and covalent. Notwithstanding, ionic bonding is considered more 
important and ionic characters decrease as the size of chalcogenide species increases.22  
 
                                                   
Figure1.13. Crystal model of lead chalcogenide showing ionic arrangement in a unit 
cell (small sphere represents Pb and bigger chalcogenide entity (S, Se, and Te) 
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1.14.  Lead sulfide nanocrystals 
 Lead sulfide (galena) has been known as a distinct entity since antiquity and 
valued as a source of the important metal. PbS is often readily recognized in nature for 
its distinctive crystal habit as small cubes. Amongst the lead chalcogenides PbS is the 
most widely studied material and many synthetic routes to NCs of different shapes have 
been devised enabling the study of shape-specific optical and electronic properties.42-46 
The preparation of NCs which are uniform in size, shape, composition and surface 
chemistry is crucial for successfully mapping their properties. The synthetic schemes 
have typically ranged from using mild aqueous conditions to high temperature routes; 
many different combinations of reagents and / or surfactants have been used, and 
synthesis often requires anaerobic conditions. 

1.15. Colloidal thermolysis 
Murray and co-workers in 1993 prepared CdSe nanocrystallites in trioctylphosphine 
oxide (TOPO).19 This work provided the basis for the so-called hot-injection method, 
which involved the injection of cold solution of reactants into a hot solvent in the 
presence of surfactants. The fast injection of the reactants leads to a high degree of 
supersaturation, resulting in a short burst of nucleation. During the nucleation process 
the precursor concentration in the solution decreases abruptly. The drop in temperature, 
due to the injection of the “cold” reactants, and the low concentration of unreacted 
remaining precursor prevent any further nucleation events. This is followed by careful 
increase in temperature to grow the nuclei into larger nanoparticles. The nucleation and 
growth stages must occur separately, to obtain monodispersed nanoparticles,47 and 
therefore this method generally leads to nanoparticles with a narrow size distribution of 
10%.  
 The surfactants, typically consisting of a coordinating head group and a long 
alkyl chain, absorb reversibly to the surfaces of the growing nanoparticles, and thus 
provide a dynamic organic capping layer that stabilizes the nanoparticles in solution and 
also mediates their growth.48 The use of surfactants(n-hexaphosphonic acid, 
hexadecylamine (HDA), TOPO, trioctylamine (TOA), oleic acid (OA) and oleylamine 
(OLA)) with selectivity towards specific crystal faces, or mixtures of surfactants with 
different binding affinities to the nanocrystal surface allow excellent control over 
crystal size, size distribution and morphology .The surfactants used during the synthesis  
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and now attached to the surface of the nanocrystals can be exchanged against the others 
in a post-synthetic step, allowing not only the chemical modification of the surface 
properties of the nanoparticles in general, but also the tailoring the dispersibility 
behavior in different solvents.49  
 Joo and co-worker synthesized NCs of PbS using lead-oleylamine complex, 
prepared by the reaction of PbCl2 with oleyamine at 90 oC. Elemental sulfur dissolved 
in OLA was injected at 90 oC and resulting mixture was heated to 220 oC for 1 h to 
produce PbS dots. The size of nanoparicles can be adjusted by simply varying the 
amount of starting materials.50 Resulting PbS NCs have been used for the fabrication of 
functional flexible films of densely packed NCs exhibiting NIR photoluminescence. 
Anisotropic growth of PbS via hot colloidal synthesis in the presence of Au 
nanoprticles has been reported. 51 The authors have showed that use of Au nanoparticles 
produces more uniform diameter nanowires and by altering the molar ratios of the 
precursors, various morphologies like nanorods, nanotubes, nano cauliflowers and core-
shell particles can be produced. They conclude that the Au particles provide nucleation 
sites to seed anisotropic growth of NCs. Highly luminescent (quantum yield ~ 20%) 
PbS NCs that have band gaps tuneable throughout the NIR region are also reported 
from a reaction between lead oxide and bis(trimethylsilyl)sulfide (TMS).52 The spectra 
of PbS NCs with a 1S transition spanning the range of 800–1800 nm are presented as 
well as narrow emissions with small Stoke shifts.  
 A modification in the preparation of narrow size monodisperse particles of 
metal-chalcogenide by thermolysis is to employ single-source precursors in a suitable 
co-ordinating solvent. This approach provides both elements within a single molecule 
which allow the preparation of semiconductor nanoparticles in one step. Various 
precursors such as dithiocarbamates, dithiophosphinates and thiobenzoates have been 
used to prepare PbS nanoparticles.53-55Vital et al., have synthesized PbS particles by 
employing lewis-base catalyzed approach to decompose metal alkyl xanthates by using 
alkyl amines as a solvent to promote decomposition as well as capping ligand for the 
particles formed.55 Spherical PbS NCs of diameters 5-10 nm were obtained when long 
chain alkylamines were used. When bi-functionalfunctional ethylenediamine was used 
instead, PbS dendrites were isolated from the same precursor at room temperature. 
Uniform six- and four-armed dendrites were observed, with regular branches of ~20 nm 
in diameter growing in a parallel order.55 Cheon and co-workers have provided some  
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insight into factors underlying the ripening observed with the PbS NCs from a single-
source precursor.56 By varying the injection temperature, the shape of the resulting 
particles evolved from rods to multi-pods to cubes. By varying the ratio of 
dodecanethiol ligand to the single-source precursor, the shape can be tuned from nearly 
spherical to tetra decahedrons to almost cubic. It has been suggested that the 
dodecanethiol ligand blocks growth of the (111) faces and enhances growth on the 
(001) faces. On the other hand, dodecylamine, a weakly bonded ligand for Pb metal 
atoms, promotes growth on the (111) faces and the resulting particles are cubes. 
Recently, decomposition of lead hexadecylxanthate on TOA has been reported to yield 
ultra narrow rods with diameter of ~ 1.7 nm and length of 12-15 nm.57 The strong 
quantum confinement is observed in the absorption and photoluminescence spectra. The 
absorption spectra is strongly blue shifted and indicates sharp excitonic band at 278 nm 
and a shoulder at 365 nm. These bands are of excitonic origin corresponding to 1Pc to 
1Ph, 1Sc to 1Ph, and 1Sc to Sh transitions. The PL spectrum shows strong and sharp band-
edge emission at 410 and 434 nm along with a shoulder at 465 nm, and a weak band at 
500 nm.   
 
1.16. Synthesis of PbSe nanocrystals 
Lead selenide (PbSe) has potential applications in thermal imaging and infrared 
detectors, operating at wavelengths between 1.5-5.2 µm. It does not require cooling, but 
performs better at lower temperatures. The peak sensitivity depends on temperature and 
varies between 4.0-4.7 µm. PbSe nanocrystals have been prepared by a number of 
methods.58-64 Free-standing PbSe nanocrystals, including quantum wires, multipods, 
quantum rods, quantum dots, and cubes, were produced in a colloidal solution in the 
presence of alkyl-diamine solvent at 10−117 °C. The morphology of the nanocrystals 
was governed by a solvent coordinating molecular template mechanism, which was 
further adjusted by the temperature and duration of the reaction.65 PbS and PbSe have a 
simple cubic crystal structure with nearly identical lattice constants (5.93 Å and 6.12 Å 
at 300 K, respectively), which facilitates the formation of heterostructures. Nanocrystal 
heterostructures represent unique systems in which the optical and electronic properties 
can be tuned by varying the chemical composition of their components and their mutual 
distance. In one study, formation of PbSe/PbS and PbSe/PbSexS1-x core/shell NCs with 
luminescence quantum efficiencies of 65% is reported. These structures showed  
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chemical robustness over months and years and band-gap tunability in the near infrared 
spectral regime, with a reliance on the NCs size and composition. The fluorescence 
line-narrowing (FLN) spectra of these NCs indicate a negligible reduction of the full 
width at half-maximum (fwhm) of the resonance PL band with respect to the fwhm of 
the nonresonance PL band, suggesting the minor contribution of an inhomogeneous 
broadening due to a size distribution.66  Heterostructures consisting of PbSe NCs on the 
tips of CdS, CdSe are very attractive structures.129 The facets of wurtzite rods provide a 
substrate with various degrees of reactivity for the growth of PbSe nanosphere. Such 
remarkable differences in reactivity among the various facets are demonstrated in the 
CdS rods as PbSe NCs can be selectively grown either on both tips of a rod or just on 
one tip, by carefully adjusting the reaction conditions.67 
 
1.17. Synthesis of PbTe Nanocrystals 
Despite the immense interest in PbTe and PbTe-based materials for use in solid-state 
thermoelectric cooling or electrical power generation devices,68 only a few reports exist 
for the preparation of PbTe NCs. Like other lead chalcogenides initial reports about 
electronic structures, photoluminous properties and quantum confinement in PbTe 
nanocrystals were obtained by preparing in glass matrix showed that in a glass matrix 
by controlling the heat treatment temperatures and times quantum confined energy gaps 
of the PbTe dots can be changed in the wavelength range 1.1 to 2.0 µm.69 Other 
methods reported in literature for the preparation of PbTe crystals include:  
 
 One-dimensional, single-crystalline PbTe NCs have also been grown on lead 
foils by a hydrothermal reaction between lead foil and tellurium powder. It 
has been predicted that 1D NCs are assembled by a hydrothermally driven 
rolling-up of thin PbTe layers formed in situ. 70 
 Another method for controlling the shape of PbTe NCs reported (cubes, 
cuboctahedra, and octahedral) is by manipulating the reaction kinetics, using 
surfactant, the high temperature, and changing the concentration between 
lead oleate and TOP-Te. The reaction was carried out using TOP or diphenyl 
ether as the growth solvent and phosphonic acid or long chain amines as 
stabilizer surfactant.71  
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Monodisperse and defect-free PbTe NCs ranging from 4-10 nm have also been 
synthesized by Murray et al. 72 The results showed that decreasing the concentration of 
oleic acid led to the formation of smaller number of nuclei. They hypothesized this is 
probably due to the formation of lead oleate- which is more stable and reacts slowly and 
produced smaller nuclei-therefore more concentration of lead oleate produces larger 
size of particles and lower concentration of lead oleate yield smaller number of PbTe 
NCs because there exists less Pb and Te feedstock per nuclei formed. 
 Similarly, the longer time growth duration and higher temperature results in 
polydispersity of NCs and average size increases up to 200-500 nm. Murrey et al.; 
subsequently prepared nanocrystal superlattices or glassy films by manipulating 
deposition conditions by using these PbTe NCs. The electrical conductivity of films 
prepared from these PbTe NCs showed insulating behaviour due to difficulty in 
transporting the charge across the large interparticle spaces (1.8 nm as determined from 
grazing-incidence small-angle X-ray scattering, GISAXS) due to presence of organic 
ligand on the surface of NCs. Upon treatment with hydrazine solution of acetonitrile 
showed a remarkable 9-12 order of magnitude increased in electronic conductivity. The 
hydrazine activates the films by removing oleic acid from NCs.  
 A novel bimolecular-assisted route for PbTe nanotubes by the self-assembly of 
NCs is reported.73Polycrystalline precursor nanowires self-assembled from NCs 
synthesized using cysteine play crucial roles as both the lead source and the template in 
the formation of PbTe nanotubes. These polycrystalline nanotubes also display a 
quantum confinement effect.  
 
1.18. Applications 
1.18.1. Photovoltaic Devices 
An increased attention is being directed towards the manufacture of efficient, low cost, 
large-area coverage and flexible photovoltaic modules. Since the first report of a NCs 
PV device attention has been focused on absorber optimization using quantum sized 
rods or tetrapods.74-75 However, less attention has been paid towards the infrared 
photovoltaic considering half of the sun’s power reaching the surface lies in the infrared 
region.76 Solar cells based on conjugated polymers with infrared emitting NCs provide 
a great opportunity for accessing infrared region. One strategy for hybrid solar cells is 
to use blends of inorganic nanocrystals with semiconductive polymers as a photovoltaic  
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layer. In 2004, Sargent and co-workers reported the photoconductivity in a 
nanocomposite containing a sensitized polymer poly[2-methoxy-5-(2’-ethylhexyloxy-p-
phenylenevinylene)] (MEH-PPV) with PbS NCs.77 However, the system had a low 
internal quantum efficiency of 10-5. Later, the same group has reported a three-order-of-
magnitude improvement in infrared photoconductive internal quantum efficiency of a 
solution-processed device.78 This was also the first time that an infrared photovoltaic 
effect is observed in such devices.  
 In another study, Zhang et al; have demonstrated a bulk heterojunction hybrid 
solar cell containing MEH-PPV blend and octylamine capped PbS NCs (λabs = 935 and 
1300 nm).79 Herein, the devices constructed using octylamine capped PbS NCs allowed 
over two orders of magnitude more photocurrent as well as showed infrared 
photovoltaic response whereas, oleic acid NCs did not. This is a possible result of 
charge carriers being able to tunnel through the ligand barrier or to transfer directly 
from the polymer to NC structure sites left free by incomplete ligand exchange process. 
The device exhibited short-circuit current (250 nA) and an open circuit voltage (0.47 
eV). A bilayer photovoltaic device containing butylamine capped PbS NCs (λabs = 1260 
nm) and poly-3(octylthiophene) (P3OT) showed an internal quantum efficiency of 
11.3% and an external quantum efficiency exceeding 1% for a infrared photovoltaic 
response at λ = 720 nm 80The overall power conversion efficiency of the device was, 
however, not reported. In 2007, Klem et al. have reported hybrid photovoltaic devices 
infrared power conversion efficiencies of 1.3%. 81Herein, the authors have used 
ethanedithiol as a multiple cross-linker and high-temperature sintering processes to 
achieve smooth films on rough ITO surfaces. 
  Planar Schottky photovoltaic devices have been prepared from solution-
processed PbS NCs films with aluminum and indium tin oxide contacts.82 These 
devices exhibited up to 4.2 % infrared power conversion efficiency. More recently, 
hybrid bilayer photovoltaic devices based on PbS NCs on ITO substrates covered with a 
poly (3-hexythiophene-2,5-dilyl) (P3HT) layer has shown to enhance the interfacial 
layer and improve charge carrier separation and mobility, yielding better performing 
solar cells.83  
 In 2006, Cui and co-workers have reported a bulk heterojunction solar cell 
containing oleic acid capped PbSe NCs in a P3HT matrix 84 The device exhibited an 
incident monochromatic photon to current conversion efficiency of 1.3% at λ = 805 nm.  
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Under AM 1.5 illumination, overall power conversion efficiency of 0.14 % was 
achieved from the device. A more stable solution-processed photovoltaic devices 
having 3.6% power conversion efficiency have been reported85 The device exhibited 
photovoltaic response only after being subjected to the strongly bound bidentate linker, 
benzenedithiol as it offers passivation of dangling bonds. Polymer-free photovoltaic 
devices have recently been fabricated via a solution process using PbSe NCs and an 
organic semiconductor, tetrabenzoporphyrin86 Flat heterojunction and bulk 
heterojunction devices were fabricated and in both cases, photovoltaic conversion was 
observed. However, the energy conversion efficiency of the bulk heterojunction device 
was 1.8×10−3 % which was 40 times that of the flat heterojunction junction under 100 
mW cm−2 illumination at 800 nm. 
 
1.18.2.   Photonic Devices 
In 2003, Ozin and co-workers have demonstrated the formation of NC solid arrays 
derived from the ordered packing of the mono disperse PbS NCs whose emission could 
be tuned from 1245 to 1625 nm with a FWHM of 65 meV with no trace of trap 
emission up to 2100 nm.87 The photoluminescence life time of NCs under excitation of 
1.064 µm was found to be mono exponential and longer (1.828 µs) than previously 
reported (1 µm).88 The lifetimes in the layered structures were found to be shorter and 
non exponential due to Förster energy transfer between neighbouring NCs. 
 It is also possible to couple PbS NCs dissolved in poly (methyl methacrylate) 
(PMMA) to photonic crystal cavities at room temperature.89 Subsequently, NCs 
emission is shown to map out the structure resonance. It could enable isolation of a 
single emitter inside a cavity which would be beneficial for the construction of single 
photon sources which are cheap and reusable as opposed to the self-assembled NCs 
embedded in a photo crystal cavity. In another study, silicon on insulator photonic 
crystal nanostructures have been fabricated and characterized by photoluminescence 
spectroscopy by doping the photonic crystals with PbS NCs embedded in a PMMA 
matrix.90 The cavity modes quality factors of Q = 88 were observed as prominent peaks 
in the emission were recorded from the cavity locations. It is also possible to infiltrate 
PbS NCs into the photonic colloidal crystals.91 The technique is based on capillary 
forces to load PbS NCs in the interstitial voids of the colloid crystals. The shifts in the 
stop band from resulting infiltration of the colloidal crystal show that PbS NCs occupy  
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nearly 100% of the volume of the interstitial space. In 2003, PbSe NC/sol-gel 
composites have been used to develop a new optically detected band with a well 
defined threshold of 0.2mW and a clear super linear growth, which are signatures of 
amplified spontaneous emission.92 The optical band of composite containing 4.8 PbSe 
NCs was observed to be tuneable from 1450-1550 nm which is the important 
“telecommunication window”. At the same time, it has been demonstrated that free 
standing silicon photonic crystal membrane microcavities can exhibit Q factors as large 
as 106. 93 Recently, fabrication and characterization of 1.55 µm Si-based photonic 
crystal micro cavity light emitters utilizing PbSe NCs is reported.94 Enhancement of 
spontaneous emission is observed at 1550 nm at room temperature.  
 
1.18.3.    Quantum dot-polymer light emitters 
The properties of organic light emitting diodes can be made attractive by combining 
with the attractive properties of NCs. Due to limited choice of polymers and organic 
dyes emitting in the range of the telecommunications windows (1.3 and 1.55 µm), IR 
emitting NCs in hybrid organic-inorganic LEDs provide an attractive option. Nano 
composities consisting of PbS NCs in conducting conjugated polymers have been 
fabricated and their resulting electroluminescence (EL) spectra across the range of 
1000-1600 nm has been reported. The EL intensity of the octylamine capped PbS NCs 
was found to be much higher than oleic acid capped PbS NCs which is possible due to 
either suppression of Förster energy transfer or direct carrier transfer from the polymer 
to the NCs in the case of the longer ligands. Internal quantum efficiency up to 1.2% was 
reported. In other study, same group has reported the internal efficiency of 
electroluminescence to 3.1% by replacing oleate with longer octadecylamine ligands. 
The surface exchange of capping ligands on PbS NCs in favor of short insulating 
ligands appears to have an important role in achieving high EL quantum efficiency 
devices. Recently, fabrication of NIR EL devices emitting at 1.2 µm has been reported 
in which excitons are directly created on the NCs therefore, removing the need for 
exciton generation on organic molecules.95 These devices have quantum efficiency of ~ 
5-12%. These devices also represent a significant improvement in the development of 
low cost NIR devices. NIR electroluminescence using PbSe NCs in organic host 
materials has been demonstrated.  By changing the size of NCs, the EL can be tuned 
from λ = 1.33 to 1.56 µm with peak external quantum efficiencies of 0.001% which was  
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limited by the reduced PL quantum efficiency of closely packed PbSe NCs in the solid 
state. Similarly to the previous observation, NIR emission of the PbSe NC-
polyphenylenevinylene blend also rarely goes above the noise level of the system and 
the efficiency at NIR is negligibly small.96 It could be a result of polymer HOMO and 
LUMO levels not being wrapped around the levels of the embedded PbSe NCs.  
 
1.18.4.   Biological applications 
 Fluorescent NCs provide a powerful tool for studying molecular and cellular 
biology along with imaging and medical diagnostics. Most of the fluorescence imaging 
has been performed in the visible region, especially non invasive in vivo imaging 
requires deep penetration of light into and out of tissue. The best penetration by the 
light is achieved with an NIR wavelength.97 The penetration depth of light depends on 
the absorption and scattering properties of the tissue and the absorbance of the water. 
The studies have indicated that the wavelength over 1000 nm gives better contrast due 
to decrease in scattering.98 Therefore, water soluble NCs over 1000 nm are crucial for 
NIR fluorescence imaging. A simple and rapid protocol for transferring PbS and PbSe 
NCs into water has been demonstrated.99 Chemical modification via a carboxylic group 
on the NCs has been used for target-specific labeling of cells. Moreover, NIR 
fluorescence imaging of human colon cells is also demonstrated as an example. The 
potential uses of NIR NCs as fluorescent contrast agents for biomedical imaging in 
living tissue are exceptionally high, given the limited choice of suitable organic dyes 
(Cy7, IRDye78, indocyanine green) that can be utilized within the biological 
window.100 NIR emitting NCs used as contrast agents in both cells and tissue also offer 
addition benefits in terms of significantly reduced auto fluorescence background signal. 
The NCs surface also serves the additional purpose of providing selective binding to a 
target such as a protein. PbS bioconjugates have been used as NIR contrast agents for 
targeting molecular imaging with expanded emission wavelength beyond 1000 nm.101 
The authors have performed imaging experiments at the molecular level using surface 
modified PbS dots and indicated that PbS NCs /antibody bioconjugates are promising 
candidates for targeted molecular imaging.  
 Considerable interest has been generated for opto-biological detection using 
NCs.102 The electrochemical stripping of the metal component of the NCs (CdS, PbS, 
ZnS) have intrinsic redox properties which causes the labels in the electrochemical  
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biosensors to be very sensitive.103,104 In 2003, it was demonstrated that a multi-target 
electrochemical DNA detection by using different NCs (CdS, ZnS, PbS) tags.105 
Introduction of an effective and inexpensive multi target electrochemical immunoassay 
based on the use of different NCs tags has also been reported.106 Carbamate linkages 
were used for conjugating the hydroxyl-terminated NCs with the secondary antibodies. 
The concept was demonstrated for a simultaneous immunoassay of a β2-microglobulin, 
bovine serum, albumin, and C-reactive protein in connections with NCs.  
 Hansen et al. have reported a NCs /aptamer-based ultrasensitive electrochemical 
biosensor to detect multiple protein targets.107 The technique is based in a single-step 
displacement essay involving the co-immobilization of several thiolated polymers on a 
gold surface, adding the protein sample, and monitoring the displacement through 
electrochemical detection of the remaining NCs. Such electronic transduction of 
aptamer-protein interactions is extremely attractive for meeting the low power, size, and 
cost requirements of decentralized diagnostic systems.  
 
1.18.5.    Summary and Future Prospects 
Over the last decade, significant progress has been made in the developing procedures 
for the synthesis of well-defined lead chalcogenide nanocrystals with controlled particle 
shape and /or size. A wide range of chemical synthetic methodologies have been used 
which have significantly improved the quality of material being produced. Such 
materials provide unique opportunity to study their strong-confinement limit and allow 
the tailoring of optical and electronic properties. The potential applications for these 
materials are diverse, ranging from detecting and treating new diseases to harnessing 
solar energy and to visualizing threats to our safety and environment. No known 
organic dyes have photo- stability that is needed for the biological applications in the 
NIR region therefore, NIR emitting NCs can be tuned across the same frequencies in 
the spectral range which are required by the biological labelling. 
 There is a long-term ambition for electricity generation from solar energy and 
potentially NCs solar cells with low fabrication costs are an exciting prospect. The 
recently reported multiple exciton generation effect in the PbS and PbSe NCs could be 
used, if reliable to increase the amount of electrical energy generated by a single 
photon. In a conventional PV device, any absorbed photon energy in excess of the band 
gap is rapidly dispersed as phonons 108 and does not contribute to the electrical work  
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produced. Potentially in NCs based solar cells some of this excess energy can, in 
principle, be harnessed to produce additional free charge carriers, resulting in quantum 
yields greater than 100%.  
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Chapter 2 
 
 
 
Thin films and nanocrystals of PbS and PbSe 
 
 
 
 
 
Note: Most of material described in this chapter originally appeared as a portion of a 
recent publication, “Controlled synthesis of PbS nanoparticles and the deposition of 
thin films by Aerosol-Assisted Chemical Vapour Deposition (AACVD)” J. Mater. 
Chem., 2010, 20, 6116 – 6124. Some portion of this chapter is expected to appear in an 
upcoming publication. The synthetic work is carried out at school of Chemistry, and 
characterization of deposited materials is done in school of Materials Science, The 
University of Manchester. Fluorescence lifetime measurement of PbSe nanocrystals is 
performed by Dr. Stuart K. Stubbs School of Physics and Astronomy and the Photon 
Science Institute, The University of Manchester.  
.  
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2.1. Introduction 
Lead sulfide and lead selenide are IV-VI semiconductors, with a small direct band gap 
(PbS, 0.41 eV , PbSe, 0.27 eV) 1 and large bulk excitonic Bohr radius (PbS, 20 nm, 
PbSe, 46nm).2 Due to small band gap and large excitonic Bohr radius, strong 
confinement of the electron–hole pair results in a large optical nonlinearity.2 Lead 
selenide and lead sulfide particles as well as thin films with critical dimensions best 
measured in nanometres have potential for application in optical switches, 
communication devices, photovoltaic cells, biological imaging, and photodetectors. 2-7 
The ability to control the size and shape of nanoscale structures has been an important 
issue.8-10 After the first report by Murray of monodispersed PbSe quantum dots, 11 a 
large number of methods have been developed to prepare PbSe or PbS nanocrystals 
(NCs).12-16 Interestingly, all these methods involved the delivery of separate metal- and 
chalcogenide sources into high boiling solvent at elevated temperature. Similarly, the 
initial use of precursors for the deposition of semiconductor materials by chemical 
vapour deposition (CVD)17-19 included the mixing of metal alkyl and a chalcogenide 
source in the vapour phase which often resulted in the growth of material before the 
vapours reach the heated substrate. To overcome the problem of pre-reaction, high 
volatility, and reduce toxic hazard, single source precursors (SSPs) were developed for 
deposition of thin films and nanoparticles. They have abundant advantages over 
conventional dual source methods, including, air and moisture stability, ease of 
handling, comparatively low toxicity and lower deposition temperatures. The presence 
of only one precursor molecule in the supply stream reduces the likelihood and extent 
of pre-reaction and the associated contamination of deposited materials. 
 In this chapter, synthesis and use of single source precursors to grow thin films 
of PbS and PbSe by aerosol assisted chemical vapour deposition (AACVD) is 
described. Moreover, deposition of PbS thin film by liquid-liquid interface is also 
reported. Nanocrystals of PbS and PbSe have also been deposited by solution 
thermolysis using single source precursors. The as-deposited thin films and 
nanocrystals of PbS and PbSe have been characterized by scanning electron microscope 
(SEM), transmission electron microscope (TEM) and powdered X-ray diffraction 
(PXRD). 
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2.2.  Deposition of PbS thin films using lead dithiocarbamto complexes 
N, N- dialkyldithiocarbamatolead(II) complexes with the general formula 
[Pb(S2CNRR )2] where  R = Me, R  = benzyl (1),  R = Me, R  = heptyl (2), R = Me, R  
= octadecyl (3), R = R  = dioctyl (4), R1 = Me, R2 = Hex (5), R1 = Me, R2 = Me (6), R1 
= Et, R2 = Et (7) R1 = nPr, and R2 = nPr (8) have been prepared and characterized.The 
compounds (1-4) were used to deposit PbS thin films by AACVD. 
 
             
 
Figure 2.1. X-ray crystal structure of [Pb(S2CNMeBenzyl)2] (1) and selected bond 
lengths (Å) and bond angles (°), Pb(1)–S(1) 2.70(1) Pb(1)–S(2) 2.86(4) Pb(1)–S(1) 1 
2.70(1) Pb(1)–S(2)  2.86(9) S(1)–C(1) 1.7370(2) S(1)–Pb(1)–S(1) 91.9(7) S(1)–Pb(1)–
S(2) 164.7(2) S(1)–Pb(1)–S(2) 84.6(3)S(1)–Pb(1)–S(2) 64.7(2) S(2)–Pb(1)– S(2) 
136.0(5) 
 
 All the complexes are air and moisture stable at room temperature for long 
periods. Suitable crystals of (1) were grown by slow evaporation of dichloromethane 
solution at room temperature. Attempts to grow good quality crystals for X-ray studies 
of other complexes i.e. (2-7), were unsuccessful. The structure of the complex (1) is 
based on a monomer in which each lead atom is surrounded by four sulfur atoms, two 
from each chelating dithiocarbamato ligands (Figure 2.1). The structure can be 
described as based on a distorted square pyramidal with the four sulfur atoms forming 
the base of the square and the lone pair occupying the pyramidal position. Two of the 
Pb-S bond distances are significantly smaller (about 0.16 Å) than the other two i.e. 
Pb(1)-S(1) (2.70 Å) and Pb(1)-S(2), (2.86 Å) Thermogravimetric analysis (TGA) 
curves of the N, N-dialkyldithiocarbamatolead(II) (1-7) are shown in Figure 2.2. TGA 
of compound (8) has been reported previously.21 TGA results revealed that all  
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complexes showed clean, one-step decomposition all experimental and calculated 
values are in good agreement with the formation of PbS.  
 
 
 
Figure 2.2. Thermogravimetric analysis of complexes [Pb(S2CNMeBenzyl)2] 
(1),[Pb(S2CNMehep)2] (2), [Pb(S2CNMeOctdec)2 (3), Pb(S2CNOct2)2](4), 
[Pb(S2CNMeHex)2] (5), [Pb(S2CNMe2)2] (6) and [Pb(S2CNEt2)2] (7) at heating rate of 
10 °C /min under nitrogen, flow rate of nitrogen was 100 ml/minute 
 
 
 Deposition of thin films was carried out at temperatures ranging from 350-
525°C by AACVD on glass substrate, using dialkyldithiocarbamatolead(II) precursors 
(1-4). All deposition experiments in this temperature range produced uniform and 
adherent grey/black films. Deposition below 350 °C temperature did not provide thick 
enough films to be characterized by X-ray diffraction (XRD). PXRD patterns of the as 
deposited films revealed cubic lead sulfide with the face centred cubic (FCC) rock-salt 
structure (ICDD 5-592). Figure 2.3 shows the typical PXRD patterns of as-deposited 
thin films from complexes (1)-(4) at 400 °C. All deposited films are highly textured 
along the (200) plane. 
 
 
80 
 
 
20 30 40 50 60 70 80
(d)
(c)
(b)
(a)
2-Theta (degree)
(420)(400)
(311)
(220)(200)(111)
R
el
at
iv
e 
in
te
n
sit
y(a
.
u
)
 
Figure 2.3. ((a)-(d)) PXRD of thin film of PbS prepared at 400 °C from 
Pb(S2CNMeBenzyl)2] (1), [Pb(S2CNMehep)2] (2), [Pb(S2CNMeOctdec)2] (3), 
[Pb(S2CNOct2)2]   (4) respectively by AACVD. 
 
 
 
 
 
In order to verify the XRD pattern of as-deposited thin films on glass substrates, 
Rietveld analysis was performed. The Rietveld method uses a least squares approach to 
refine a theoretical line profile until it matches the measured profile. We selected XRD 
pattern of thin film deposited at 475 °C from compound (1) and obtained data is listed 
in Table 2.1. 
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Table 2.1. Parameters obtained by Rietveld refinement of PbS film deposited  
  from[Pb(S2CNMeBenzyl)2] (1) at 475 °C 
R-Bragg 12.257 
Space group Fm-3m 
Cell mass 409.555 
Cell volume (Å3) 208.8 
Wt % - Rietveld 100.000 
Crystal linear absorption coeff. (1 
cm-1) 
83.5 
Crystal density (g cm-3) 3.256 
Preferred orientation (Dir 1 : 2 0 0) 
(Dir 2 : 1 1 1) 
12.71107 
0.998314 
a (Å) 5.93 
 
 
 
SEM analysis of the films deposited from complex (1) showed flakes of crystallites 
ranging from 2-7 µm in size at 375 °C (Figure 2.4 (a)). As the temperature was 
increased to 425 °C the shape of crystallites changed to cubes with an average size of 3 
µm (Figure 2.4 (b)).  The morphology of the films changed to a mixture of spherical 
and rods like crystallites at 475 ° (Figure 2.4 (c)). Deposition at 525 °C (Figure 2.4 (d)) 
resulted in the growth of large (10 µm) well shaped cubes and rods.  
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Figure 2.4. SEM micrographs of PbS thin films deposited from [Pb(S2CNMeBenzyl)2] 
(1) (a) 375 °C (b) 425 °C (c) 475 °C and(d) 525 °C 
 
 
 Similarly PbS thin films from complex (2) showed different morphologies at 
different temperatures (Figure 2.5 (a-d)). At 375 °C, the PbS thin films consist of a 
mixture of rods and spherical particles (Figure 2.5 (a) whereas at 425 °C and 475 °C the 
predominant morphology of the particles was flakes (Figure 2.5 (b)-(c)) changing from 
thinner branched flakes (Figure 2.30 (b)) to thicker and larger flakes (Figure 2.5 (c)). 
Deposition at higher temperature of 525 °C gave thinner films but much larger and 
more uniform flakes with an average size of 8 µm (Figure 2.5 (d)). 
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Figure 2.5. SEM micrographs of PbS thin films deposited from[Pb(S2CNMehep)2] (2) 
(a) 375 °C (b) 425 °C (c) 475 °C and (d) 525 °C 
 
 
 Good quality and thick films were obtained from complex (3) and (4) at a lower 
temperature of 350 oC. The films obtained from complex (8) at 350 °C showed small 
irregularly shaped particles 0.5 µm to 1.5 µm (Figure 2.6 (a)). The films deposited at 
400 °C showed a uniform morphology  of flakes (Figure 2.6 (b)) with an average size of 
5 µm but the morphology was less uniform, consisting of predominantly snow flakes 
structures, with some large elongated structures at 450 °C (Figure 2.6 (c)). Deposition at 
500 °C gave an entirely different morphology on different parts of the same films. Two 
main morphologies observed as are shown in (Figure 2.6 (d) (e)). The middle of the 
films showed the deposition of varying size of irregular flakes (Figure 2.6 (d)) whereas 
the edges showed the deposition of small snowy crystallites forming large cubic 
clusters, with an average size of 5 µm (Figure 2.6 (e)).  Figure 2.6 (f) shows a high 
resolution image of one such cluster. 
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Figure 2.6. SEM micrographs of PbS thin films deposited from [Pb(S2CNMeOctdec)2] 
(3) at (a) 350 °C (b) 400 °C (c) 450 °C and (d-f) 500 °C. 
 
 
The films deposited from complex (4) at 350 °C consist of cubes and rectangles with an 
average size of ca. 1 µm (Figure 2.7 (a)). Deposition at 400 °C showed films with more 
uniform morphology based on snowy flakes with an average size of 5 µm (Figure 2.7 
(b)). The morphology changed to long strips with some irregular crystallites at 450 °C 
(Figure 2.7 (c)). Whilst the films deposited at 500 °C showed feather like crystallites 
with an average lengths of ca. 12 µm. (Figure 2.7 (d)). EDAX profiles of all the films 
showed an excess of 1-4%. of chalcogenide S2-entity. 
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Figure 2.7. SEM micrographs of PbS thin films deposited from [Pb(S2CNOct2)2] (9) at 
(a) 350 °C, (b) 400 °C (C) 450 °Cand (d) 500 
 
 
 
 
2.2.1 Synthesis of PbS nanocrystals 
TGA might suggests that the precursors (1-8) need to be heated at temperatures above 
200 °C to decompose to give PbS by a colloidal method; but we have synthesized PbS 
nanoparticles at surprisingly low temperature (60-80 °C) from all complexes except (6) 
and (7) by decomposing the precursor in a primary amine with a good control over the 
shape of nanoparticles. 
At approx. 60 °C precursors (1)-(5) gave nearly spherical PbS particles whereas 
the same precursors gave cubic particles at 80 °C in oleylamine.  The dimethyl (6) and 
diethyl derivatives (7) did not give PbS nanoparticles at 60 °C or 80 °C instead the 
decomposition of these precursors occurred at the higher temperature of 150 oC after 30 
minutes to produce spherical nanoparticles in olelyamine.  
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The higher growth temperatures from N,N-dimethyldithiocarbamatolead(II) (6) 
and N,N-diethyldithiocarbamatolead(II) (7) may be due to their greater stability as 
independent molecules and/or low stability of their adducts with amine as compared to 
other longer chain compounds and hence provide no help in the decomposition of these 
complexes at lower temperatures. 
The PXRD analysis of the as-obtained nanoparticles from all complexes 
confirmed the presence of cubic PbS phase nanoparticles. Figure 2.8 shows a typical 
PXRD pattern of nanoparticles obtained from the thermolysis of complex (1) at 60 °C. 
Broad peaks in the pattern indicate the nanometer size of these particles as expected. 
The thermolysis of the same complex at 80 °C resulted in the growth of larger particles 
hence the sharper bands appear in the pattern (Figure 2.9). Figure 2.10 depicts typical 
PXRD pattern of flowers like clusters of PbS deposited from complex (1). All six 
complexes (1)-(5) showed similar patterns. Thermolysis of complexes (6) or (7) at 60 
°C or 80 °C did not produce any nanoparticulate product. The minimum thermolysis 
temperature required to grow nanoparticles from these two complexes was 150 °C. This 
decomposition behaviour related to the chain lengths of alkyl groups is expected based 
on our experience with AACVD experiments. PXRD patterns from both these 
complexes showed broad bands corresponding to the growth of nanoscale cubic PbS 
particles. 
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Figure 2.8. XRD pattern of PbS nanoparticles grown at 60 °C from 
[Pb(S2CNMeBenzyl)2] (1) in oleylamine 
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Figure 2.9.PXRD pattern of PbS nanoparticles grown from [Pb(S2CNMeBenzyl)2] (1) 
in oleylamine at 80 ˚C. 
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Figure 2.10. PXRD pattern of PbS flowers like clusters of PbS nanoparticles prepared 
in dodecanethiol(DDT) from [Pb(S2CNMeBenzyl)2] (1) at 60 ˚C 
 
 
 
 
 TEM images of as-prepared nanoparticles at 60 °C from complexes (1)-(4) and 
(6)-(7) are given in Figure 2.11. Figure 2.11 (a) shows the nanoparticles deposited from 
complex (1). The nanoparticles are almost spherical and close to monodispersed with an 
average diameter of 3.6 ±0.4 nm. The nanoparticles deposited from complex (2) and (3) 
are similar in shape but slightly smaller in diameter 3.4 ±0.5 nm (Figure 2.11 (b)-(c)). 
Complexes (4) and (5) produced similar shape nanoparticles with diameter 3.7 ±0.2 nm 
(Figure 2.11 (d)). The deposition of nanoparticles from complex (6) and (7) occurred at 
much higher temperature of 150 °C. Figure 2.11(e) shows the nanoparticles deposited 
from complex (6). The particles are nearly spherical in shape with an average diameter 
of 13.5 ±1.9 nm. Figure 2.11 (f) also shows the deposition of nearly spherical particles 
from complex (7) with considerably smaller diameter as compared to those deposited 
from complex (6). 
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Figure 2.11. TEM images of PbS nanoparticles of nearly spherical shape at 60 °C (a) 
from [Pb(S2CNMeBenzyl)2] (1) (b) from [Pb(S2CNMehep)2] (2) (c) from 
[Pb(S2CNMeOctdec)2] (3) (d) from [Pb(S2CNMe nPr2)2] (8) (e) from [Pb(S2CNMe2)2] 
(6) at 150 °C (f) from [Pb(S2CNEt2)2] (7) at 150 °C. 
 
 
The TEM images in Figure 2.12 (a-f) show the nanoparticles deposited from 
complexes (1)-(5) and (8) respectively at 80 °C. All these particles are cubic with the 
exception of few rods shaped but with different sizes. nanoparticles deposited from 
precursor (1) shown an average size of 88 ±12.3 nm while rods diameter is 130 ±17 nm, 
from precursor (2) 115 ±23 nm, from precursor (3) 110 ±16 nm, from precursor (4)300 
± 42 nm, from precursor (5) 180 ±24 nm and from precursor (8) 210 ± 34 nm. 
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Figure 2.12. TEM images of PbS nanoparticles of cubic shape at 80 °C (a) from 
precursor [Pb(S2CNMeBenzyl)2] (1) (b) from [Pb(S2CNMehep)2]  (2) (c) from 
[Pb(S2CNMeOctdec)2]  (3)  (d) from[Pb(S2CNOct2)2] (4) (e-f) from [Pb(S2CNMeHex)2]  
(5) (g-h) from [Pb(S2CNMe nPr2)2]  (8) (i) Selected area electron diffraction pattern 
(SAED) of cubic shaped PbS nanocrystals  
 
 
 
Figure 2.13 (a-b) shows nano-flower like clusters of PbS nanoparticles which 
were obtained in dodecanedithiol (DDT) using 2mL of oleylamine at 60 °C from 
precursor (1). The estimated average diameter of these clusters is 54 ± 4.7 nm.  High 
resolution TEM analysis shows that each cluster is made up of 4-6 individual 
nanoparticles. The average diameter of these individual PbS nanoparticles is 11.5 ±1.9 
nm size in these clusters. 
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Figure 2.13. TEM images of (a-b) PbS nano-flowers like clusters prepared in DDT at 60 
°C from [Pb(S2CNMeBenzyl)2] (1), (c) shows selected area electron diffraction (SAED) 
pattern of PbS cluster (d) shows single PbS nanoparticle forming cluster. 
 
 
 
The synthesis of PbS nanocrystals from compounds (1-8) at low temperature in 
oleylamine is a useful method. The difference between the shape of these nanocrystals 
and those deposited at 60 °C is obvious. In general nanocrystals deposited at 60 °C are 
spherical in shape whereas those deposited at 80 °C from the same complexes are cubic 
in shape. The cubic shape of PbS is reported to be more stable at higher temperature. 
The compound having shorter alkyl chain (Methyl, Ethyl) are stable enough under these 
conditions and do not decompose. They deposited PbS nanocrystals at 150 °C or higher 
temperature. The following table shows the results of experiments in oleylamine at 60 
°C and 80 °C. 
(a) (b)
(c) (d)
d200 = 0.297 nm
(c) (d)
10 nm
50 nm50 nm
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Table 2.2 Deposition of PbS nanocrystals from complexes (1-8) in oleylamine 
 
Precursors Thermolysis temp. 60 °C in 
oleylamine 
Thermolysis temp. 
80 °C in oleylamine 
[Pb(S2CNMeBenzyl)2] 
(1) 
spherical PbS NCs cubic PbS NCs 
[Pb(S2CNMehep)2]  
(2) 
spherical PbS NCs cubic PbS NCs 
[Pb(S2CNMeOctdec)2] 
(3) 
spherical PbS NCs cubic PbS NCs 
[Pb(S2CNOct2)2] (4) spherical PbS NCs cubic PbS NCs 
[Pb(S2CNMeHex)2] 
(5) 
spherical PbS NCs cubic PbS NCs 
[Pb(S2CNMe2)2] (6) spherical PbS at 150 °C NCs ------------------- 
[Pb(S2CNEt2)2] (7) spherical PbS NCs at 150 °C ------------------ 
[Pb(S2CNMe nPr2)2]  
(8) 
spherical PbS NCs cubic PbS NCs 
 
 
 
2.2.2. Mechanism of formation of cubic or spherical nanocrystals 
The difference between the shape of these nanoparticles and those deposited at 60 oC is 
obvious. In general nanoparticles deposited at 60 oC are spherical in shape whereas 
those deposited at 80 oC from the same complexes are cubic in shape. The cubic shape 
of PbS is reported to be more stable at higher temperature. In general polyhedron shape 
with different planes having variable surface energy is thermodynamically most stable. 
Therefore, the shape of an inorganic nanoparticle is determined by the growth rates of 
different crystal planes.22-23 The shape of a face-centre-cubic (fcc) nanoparticle is 
determined by the ratio (R) of the growth rates along (100) and (111) directions as 
shown in Figure 2.39.   
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Figure 2.14. Lattice planes of PbS cubic crystal system,faster growth of (111) or (100) 
plane results in cubic or spherical shape PbS nanoparticles
 
 
 
The surface energy of (111) plane is higher than (100) plane.23 When the value 
of R is close to 0.58, cubes terminated by (100) plane will be produced and when the 
value approaches to 0.87 spherical nanoparticles will be formed.22,23 However, when R 
is above 1.73, one dimensional growth occurs producing rods or multi-pod structures. 
We believe that oleylamine reacts with N,N-dialkyldithiocarbamatolead(II) complexes 
to form an adduct at room temperature as reported previously.24-25 These adducts break 
down on heating to release sulfide and lead which subsequently combine and form PbS 
nuclei bounded by (110), (111) and (100) faces. The intrinsic surface energy of the PbS 
(111) face is higher than that of the (100) face and growth rate of either these face 
determines the final shape of nanoparticles. When energy is supplied by thermolysis at 
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higher temperature of 80 °C, the reaction is thermodynamically controlled which directs 
faster growth along the (111) face and hence results in the production of cubic 
nanoparticles (Figure 2.14).  
 
 At low temperature (60 °C), the growth of (111) and (100) planes is slow and 
overall growth ratio R remains equal to 0.87 and if reaction is stopped within 30 
seconds it will only produce nearly spherical shaped nanoparticles. However, if the 
growth time is increased to 3 minutes, a mixture of cubic and nearly spherical shape 
particles are produced. This indicates that, under longer growth time, the  ratio of R 
value decreases from 0.87 to 0.58 due to faster growth of (111) plane. Thus the shape of 
the PbS nanoparticles can be controlled by the manipulation of the growth time and 
temperature. The thermolysis reactions in oleic acid and TOP/TOPO at 60 °C or 80 °C 
did not decompose these precursors to give nanoparticles. Although we expect a similar 
adduct formation through oxygen atoms of these capping agents but we believe that 
these adducts are much weaker as compared to the adduct formed by oleylamine and 
hence provide no help in the decomposition of these complexes at lower temperatures. 
 
A systematic investigation into the deposition of nanoparticles from some 
symmetrical and unsymmetrical N, N- dialkyldithiocarbamatolead(II) complexes in 
olelyamine at lower temperatures of 60 ˚C and 80 ˚C has been carried out. Complexes 
(1)-(5) and (8) gave nearly spherical PbS nanoparticles at 60 °C but cubic at 80 °C. The 
dimethyl and diethyl derivatives (6) and (7) deposited nanoparticles only at higher 
temperature of 150 °C after 30 minutes.  A mechanism for the growth of spherical or 
cubic nanoparticles is discussed. New complexes (1)-(4) were also used to deposit PbS 
thin films by AACVD method.  Complexes (1) and (2) deposited films at the minimum 
temperature of 375 oC whereas complex (3) and (4) gave films at 350 oC. Deposition at 
higher temperatures resulted in the change of morphology as expected. 
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2.3. Growth of PbS thin films from [bis(O-butyldithiocarbanato)lead(II)]  
Alkyl xanthate complex of lead with the general formula [Pb(S2COR)2] where R= C4H9 
(9) was synthesized and used as single source precursor to deposit PbS thin films. PbS 
thin films were grown on polyimide film and glass substrate by AACVD and LP-CVD. 
PbS thin films on both these substrates were deposited at 150 °C - 250 °C temperature 
by AACVD. To best of our knowledge, this is first report of deposition of PbS thin film 
at such a surprisingly low temperature in the literature. Similarly, deposition was 
attempted via low pressure CVD at Tprecursor /Tsubstrate 100  °C / 200  °C and 250  °C. 
 Thermogravimetric analysis of [bis(O-butyldithiocarbanato)lead(II)] (9) showed 
clean one step decomposition (Figure 2.15). The decomposition started at ~120 oC and 
terminated at 180 °C. The obtained residue was found to be 50.8 %, which is close to 
the theoretical value (47.4 %). The experimentally obtained mass of residue is slight 
excess due to the decomposition of side alkyl chain (C4H9) as shown in Figure 2.15.  
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Fig
ure 2.15. Thermogravimetric analysis of [bis(O-butyldithiocarbanato)lead(II)] (9) at 
heating rate of 10 °C/min under nitrogen, flow rate of nitrogen was 100 ml/minute 
 
 
The deposited black films of PbS from [bis(O-butyldithiocarbanato)lead(II)] (9) on 
polyimide were well adherent while on the glass were non-adherent and could be easily 
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wiped off  the surface, indicating that the lead sulfide particles were weakly adsorbed 
on the glass substrate. 
 The films deposited on glass were analyzed by XRD. All deposited films are 
highly crystalline despite the low deposition temperature. The sharp and narrow peaks 
in XRD patterns (Figure 2.16) indicate the high crystallinity. The XRD pattern of as-
deposited films on the glass substrate at 150 °C shows that films are highly textured 
along (311) and (422) planes. The relative intensity of (200), (111) and (220) planes is 
comparatively smaller at this temperature. The as- deposited films on glass substrates at 
200 °C and 250 °C show prefential growth along (111) and (200) planes (Figure 2.16). 
This may be probably due to higher deposition temperature. The growth of crystallites 
along (111) and (200) planes is more dominant at higher temperature.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.16. XRD patterns of PbS thin films deposited from [bis(O-
butyldithiocarbanato)lead(II)]  by AACVD (a) 150 °C (b) 200 °C and (c) 250 °C 
 
  
 The morphology of thin films deposited on glass substrates were studied by FE-
SEM. At 150 °C, the films consist of irregular shape cluster arranged randomly. The 
estimated size of such crystallites is 2-3 µm (Figure 2.17 (a)). Similarly, the PbS film 
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obtained at 200 °C composed of small cubic crystallites of nano sized (Figure 2.17 (b)). 
However, the films deposited at 250 °C consist of distinct cubic shape crystallites 
(Figure 2. 17 (c-d )). The estimated size of such crystallites is 600-700 nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.17. SEM of PbS thin films deposited on glass substrates using [bis(O-
butyldithiocarbanato)lead(II)]  at (a) 150 °C (b) 200 °C and (c) 250 °C. 
 
 
 
2.3.1. Growth of PbS thin films on plastic by AACVD 
 PbS thin films were deposited on polyimide films as substrates by AACVD 
from [bis(O-butyldithiocarbanato)lead(II)] (9). First deposition was attempted at 150 
°C, but obtained film could not be analyzed by XRD. The XRD pattern showed no 
diffraction peaks indicating absence of crystallinity in as-deposited thin films. The next 
deposition temperature was used 170 °C and as-deposited films gave satisfactory XRD 
pattern (Figure 2.18 (c)). Similarly deposition was attempted on 200 °C and 230 °C 
temperatures. The deposited PbS films  at 170 °C , 200 °C and 230 °C are highly 
textured along (200) plane (Figure 2.18 (a-b)).  
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Figure 2.18. XRD of as-deposited thin films of PbS on polyimide substrates  using 
[bis(O-butyldithiocarbanato)lead(II)] at (a) 230 °C, (b) 200 °C and (c) 170 °C by 
AACVD. 
 
 
 SEM of as-deposited PbS thin film on polyimide at 170 °C showed cubic 
morphology. The crystallites were found to be arranged in rows which run parallel  
 
to each other as shown in Figure (2.19 (a)). The high resolution images showed that 
large crystallites are composed of small cubic crystallites (Figure 2.19 ( b-d)). The 
average size of these crystallites was estimated  as 280 ± 20 nm. 
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Figure 2.19.(a-d) SEM of PbS thin films obtained at 170 °C from [bis(O-
butyldithiocarbanato)lead(II)] (9) on polyimide substrate by AACVD. 
 
 
 Similarly, the films obtained at 200 °C consist of cubic crystallites (avg. size = 
450 ± 40 nm). The polyimide substrate is covered more densely with such crystallites as 
compare to film despoisted at 170 °C, however the depsoition patteren was similar to 
first one (Figure 2.20(a-d)). The films grown on polyimide substrate at 230 °C consist 
of  large cubic crystallites and depsoition at this temperature is more uniform (Figure 
2.21(a-c)). The films consist of large chunk of spherical crystallites ( averg size, 800-
900 nm ). 
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Figure 2.20. (a-d) SEM of PbS thin films obtained at 200 °C from [bis(O-
butyldithiocarbanato)lead(II)] (9) on polyimide substrate by AACVD 
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Figure 2.21. (a-d) SEM of PbS thin films obtained at 230 °C from [bis(O-
butyldithiocarbanato)lead(II)] (9) on polyimide substrate by AACVD 
 
 
 Atomic force microscope was used to study the surface morphology of the PbS 
films prepared at different temperatures. Figure 2.22 shows the three dimensional AFM 
images of the surface morphology of PbS thin films prepared at 170 °C 200 °C and 230 
°C. It shows that minimum height of PbS cubes is in the sample prepared at 200 °C. 
The height profile histogram (Figure 2.22(d) shows maximum height of 312 nm having 
31.77 nm average roughness. Similarly, the maximum height of PbS thin films 
deposited at200 °C and 230 °C is 258 nm and 532 nm respectively. The films obtained 
at 230 °C showed much higher roughness ( 41.57 nm) compare to films deposited at 
200 °C (26.11 nm) as shown in Figure 2.22 (e-f). 
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Figure 2.22. AFM images of PbS thin films prepared by AACVD using [bis(O-
butyldithiocarbanato)lead(II)]  on polyimide film substrates at (a) 170 °C (b) 200° C (c) 
230 °C with their roughness analysis shown in (d), (e) and (f) respectively. 
 
 
 The current-voltage properties of as-deposited thin films on the polyimide films 
substrate were measured and shown in Figure 2.23. The films deposited at higher 
temperature (230 °C ) have exchibited higher voltage response and vice versa as shown 
in Figure 2.23. This is probably due to increased crystallinity and uniform deposition of 
thin films at higher temperature at 230 °C. 
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Figure 2.23. I-V characteristic of PbS films deposited using [bis(O-
butyldithiocarbanato)lead(II)] on polyamide substrates by AACVD at (a) 150 °C, (b) 
200 °C and (c) 230 °C. 
 
 
 
2.3.2. Growth of PbS thin films by LP-CVD  
PbS thin films were also grown by LP-CVD on the glass substrates using 200 °C and 
250 °C substrate temperature (Tsubstrate) and 100 °C as precursor decomposition 
temperature (Tprecursor). 
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Figure 2.24. PXRD pattern of PbS thin film despoited Tprecursor / Tsubstrate (a) 100  °C / 
200  °C, (b) 100 ° C / 250  °C by low pressure CVD using [bis(O-
butyldithiocarbanato)lead(II)] 
 
 
 
The PXRD patteren of PbS thin films deposited by LP-CVD is shown in Figure 2.24. 
All peaks corespond to typical cubic phase (ICDD: 01-04-0244). The films are textured 
along the (200) plane. SEM of the as-grown films at 200 °C shows that film consists of 
small cubic crystallites. These crystallites have fused together and form ball like 
structures. Figure (2.25 (a-b)). Similarly, PbS film despoited at 250 °C consists of 
scocre ball like structures which are composed of crystallites as shown in Figure 2.25 
(c-f). 
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(a) (b)
(c) (d)
(e) (f)
 
Figure 2.25. SEM images of PbS thin films deposited on glass substrates by LP-CVD 
(a) (Tprecursor/ Tsubstrate 100  °C / 200  °C and (c-f) (Tprecursor/ Tsubstrate 100  oC 250  oC) from 
[bis(O-butyldithiocarbanato)lead(II)] (9). 
 
 
 The deposition of crystalline PbS thin films at such as lower temperature (150-
230 °C) is unusual feature observed with xanthate lead(II) compounds by CVD. 
Computional studies of xanthate pyrolysis in gas phase have shown that decomposition 
proceeds via the Chugaev reaction. The chugaev reaction is a pericyclic reaction in 
which xanthates having one β-hydrogen undergo elimination and as a result an olefin 
together with gaseous carbonyl sulfide and a thiol is obtained. The reaction proceeds via 
intermediate six-membered transition state with activation energy 50-75 kJmol-1. 26 
 
 
 
106 
 
2.3.3.  Deposition of PbS by liquid-liquid interface  
 
 
 
 
Figure 2.26. Schemtaic diagram showing the formation of interfacial layer on mixing 
toluene/water and movement of ions. 
 
 
 We also deposited PbS thin film using [bis(O-butyldithiocarbanato)lead(II)] (9) 
by interface approach. When toluene solution was mixed with aquous solution 
containing Na2S, the interfacial layer turned immediatly in brown color indicating the 
nucleation process has started. The container was left under ambident laboratory 
conditions for 18 hours. Figure 2.26 shows the interface formation and subsequently 
reaction occuring in both phases.. The over all reaction is given below 
 
                             Pb(S2COR)2  + Na2S                  PbS+ R-COS2Na  
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Table 2.3. shows the summery of experiments, XRD and morphgology of as-deposited 
PbS thin films by L/L interface method. 
 
Table 2.3.  Deposition of PbS thin film by interface method. 
 Reactants/ mole 
ratio 
XRD Morphology 
1 [Pb(S2 COR)2] : Na2S 
1:10 
Cubic phase, a= 
5.93Å    
Hexagonal plates like 
structures 
2 [Pb(S2COR)2] : Na2S 
1:   20 
Cubic phase, a= 
5.93Å    
Flower like cluster, made 
up of pyramidal shaped 
crystallites 
3 [Pb(S2COR)2] : Na2S 
1: 100 
Cubic phase, a= 
5.93Å    
Elongated Rods, T-    
shaped rods 
 
 
 The X-ray diffraction (XRD) was employed to characterize the composition and 
structure of as-depsoited thin films by interface method. All deposited films are 
crystalline without detection of any impurity (Figure 2.27). The peaks are broad and not 
sharp, which show that films consists of nano-size crystallites. The films exchibited 
preferred growth along the (200) and (111) planes. In experiment 3, obtained films 
show preferential growth along (111), (200), (220) and (311). 
 The morphology of the PbS thin films were examined by scanning electron 
microscope (SEM) in experiment 1 (Figure 2.28 (a-b)). The film consists of hexagonal 
plate like structures. These hexagon structure have lying above each other making large 
clusters. Similarly, in experiemnet 2, the film consists of network of pyramidal shape 
crystallites which have ben fused with each other at the base (Figure 2.29 (a-d)). The 
film obtained in  experiment 3 show predominate rod shape morphology. Both 
elongated and T-shape rods (3-4 µm) are present (Figure 2.29 (e-f)). 
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Figure 2.27. XRD patterens of PbS thin films deposited by interface method at room 
temperature using [bis(O-butyldithiocarbanato)lead(II)] (9) 
 
 
(c)
(a) (b)
 
Figure 2.28. FE-SEM images of PbS thin films deposited in experiment 1 from [bis(O-
butyldithiocarbanato)lead(II)] (9). 
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 In another experiment, 2 mL of HNO3 acid was added into aqueous phase before 
adding Na2S. On mixing toluene/water solution, the interfacial layer turned black 
instantly. PbS thin film were then carefully removed from the upper part of film (facing 
towards toluene) by placing glass subtrate. Similarly, the bottom part of film (facing 
towards water) were placed carefully on glass substarte and morphology was examined 
by SEM. Interestingly, the films exhibited different morphologies, upper layer 
containing mostly mixture of rods and hexagonal structures. The bottom layer consists 
of octahedral shape crystallites (3-4 µm) as shown in Figure 2.30. 
 
 
Figure 2.29. (a-d) SEM images of PbS thin film deposited in experiment (2), (e-f) PbS 
thin film deposited in experiment (3) using [bis(O-butyldithiocarbanato)lead(II)] (9) 
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Figure 2.30. FE-SEM images of PbS thin films deposited at interface (a-b) PbS film 
recovered from upper layer, (d-e) PbS film recovered from bottom layer) from [bis(O-
butyldithiocarbanato)lead(II)] (9) 
 
 
 
 
2.3.4.  Synthesis of PbS NCs from [bis(O-butyldithiocarbanato)lead(II)]  
 at room temperature 
 
PbS nanocrystals (NCs) were prepared from [bis(O-butyldithiocarbanato)lead(II)] (9) in 
alkyl amine (propylamine, pentylamine, dioctylamine and oleylamine) at room 
temperature. It was observed that  precursor (9) undergoes instant decompsoition in 
alkyamine to generate PbS NCs. Alkyl amine is used as the solvent to promote the 
decomposition by nucleophilic mechanism, and it also acts as a stabilizing agent for the 
particles that formed. The XRD patteren of PbS nanocrystals is shown below (Figure 
2.31). 
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Figure 2.31. XRD pattern of PbS NCs prepared from [bis(O-
butyldithiocarbanato)lead(II)] (9) in (a) propylamine,(b).pentylamine,(c) dioctylamine 
and (d) oleyalamine at room temperature 
 
     
 The XRD patterns show that as-prepared PbS NCs at room temperature are 
crystalline as shown in Figure 2.31. The broadness of peaks indicate the formation of 
nano-sized PbS NCs. The shape of PbS NCs in alkylamine was observed by TEM. The 
shape of PbS NCs prepared in propylamine is irregular with predominat rod shape. The 
size of these nanostcrures is about 80 nm as shown in Figure 2.32 (a). PbS NCs 
prepared in pentylamine is mixed spherical, small rods as shown in Figure 2.32 (b). In 
dioctylamine, gloubular shape and in oleylamine (OA) nearly spherical shape PbS NCs 
were obtained (Figure 2.32 (c-d)). 
 
 
 
 
112 
 
 
Figure2.32.TEM images of as-prepared PbS NCs from [bis(O-
butyldithiocarbanato)lead(II)] at room temperature (a)propylamine(b)pentylamine 
(c)dioctylamine and (d) oleylamine 
 
 
2.3.5.  Mechanism of formation of PbS nanoparticles  
It is believed that alkyl amines act as a nucleophile and attack on Pb atom in complex 
which subsequently break and nuclei of PbS formed which are then surrounded by 
alkylamine as capping agent. The overall growth mechanism takes place in three steps, 
Step 1: Nucleophilic attack of alkylamine on complex and formation of lead-amine 
complex which subsequently break up to form PbS and other organic by product (S) as 
is shown in Figure 2.33.  
Step 2: Generation of PbS nuclei (Nucleation)  
Step 3: Growth of PbS nanoparticle (growth stage) +Oswald repining  
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Figure 2.33.Formation of amine-lead xanthate complex and decomposition 
 
 
2.3.6.  Solution thermolysis of [bis(O-butyldithiocarbanato)lead(II)] 
The precursor (9) was also used to prepare PbS NCs by thermolysis in TOP/TOPO at 
150 °C. The reaction was stopped after 60s by removing from heating mantle and 
adding acetone (10 mL) was added to precipate the PbS NCs. 
 
 
 
 
Figure 2.34. XRD of PbS NCs prepared by thermolysis of [bis(O-
butyldithiocarbanato)lead(II)] in TOP/TOPO at 150 °C with growth time of 60s 
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The XRD patteren of PbS NCs prepared by solution thermolysis is shown in Figure 
2.34. HR-TEM images of PbS NCs is shown in Figure 2.35. The shape of as-prepared 
NCs is spherical and average size is 14.5 ± 0.9 nm (Figure 2.35 (a-b,d)). A resolution 
TEM image of PbS NCs is shown in Figure 2.35 (c). The calculated d-spacing (0.29 Å) 
corresponds to (200) plane. 
 
 
 
Figure 2.35. HRTEM images of PbS NCs prepared by solution thermolysis of [bis(O-
butyldithiocarbanato)lead(II)] in TOP/TOPO at 150 °C with growth time of 60s 
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 2.4.  Deposition of PbSe thin films and nanocrystals  
2.4.1. Phosphorus-containing chalcogen  metal Precursors ([(X2PE2) M]; X= 
 R, RO; E= S, Se) 
 
A number of ligands containing phosphorus i.e. dichalcogenophosphate, 
dichalcogenophosphonate and dichalcogenophosphinate can form stable four member 
ringed complexes with metals. These complexes are useful single source precursors 
(SSPs) to deposit metal-selenide thin films and nanoparticles. 
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Figure 2.36. Structure of (a) dichalcogenophosphate (b) dichalcogenophosphonate (c) 
dichalcogenophosphinate ligands (R= alkyl, E = Se, S) 
 
 
 
O’Brien and co-workers have explored extensively co-ordination chemistry and 
deposition studies of a number of metal- chalcogenide using dichalcogenophosphinate 
based metal precursors (Ni, Cd, Cu, Mo, Bi, Pb).20Based on literature method a 
unsymmetrical [(R2PE1E2)M] where (E1= S, E2= Se) ligand of following structure has 
been synthesised and its complex with lead (10) was prepared . It was then used to 
deposit PbSe thin films and nanocrystals. 
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Figure 2.37. Structure of thio-seleno-phosphinate ligand (R= alkyl, aryl, E1 = Se, E2 = 
S) 
 
 
     The single crystal structure of as-prepared lead complex 
bis[diphenylthioselenophosphinato)lead(II) (10) is shown in Figure 2.38. The structure 
of (10) is disordered and was refined with 50% occupancy for sulfur and selenium 
atoms. The geometry around Pb atom is distorted square pyramidal with two sulfurand 
two selenium atoms forming the base of the pyramid and the lone pair occupying the 
axial position. Selected bond lengths and angles are also listed in Figure 2.38.  
 
                   
 
 
Figure 2.38. X-ray crystal structure of bis[diphenylthioselenophosphinato)lead(II) (10) 
and selected bond lengths (Å) and bond angles (°), Pb(1)-S(4), 2.81(3) Pb(1)-S(2), 
2.86(2), Pb(1)-Se(4) 2.89(3) Pb(1)-Se(2) 2.98(2), Se(2)-P(1) 2.15 (4), S(4)-Pb(1)-S(2) 
94.1(7), S(4)-Pb(1)- Se(4) 3.0(3), S(3)-Pb(1)-S(1) 154.4(2) P(2)-S(4)-Pb(1) 89.1(3), 
S(4)-Pb(1)-S(2) 94.1(7) 
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2.4.2.  Growth of PbSe Thin film by AACVD 
bis[diphenylthioselenophosphinato)lead(II) (10) was used to deposit thin films by 
AACVD on the glass substrates. Due to presence of both S and Se in the same 
precursor, ternary phase (PbSxSe1-x) thin films were expected. Interestingly, we 
obtained only single phase PbSe thin film by AACVD method at all temperature. 
Deposition was also attempted by LP-CVD, however due to poor volatility of the 
complex; no deposition took place on the glass substrate. Thermogravimetric analysis 
showed that compound (10) decomposed in single one step between 280-380 °C. The 
percentage of residue (37.6%) is in close accordance to percentage of PbSe (35.9 %) in 
the precursor (Figure 2.39).  
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Figure 2.39. Thermogravimetric analysis (TGA) of 
bis[diphenylthioselenophosphinato)lead(II) (10) at heating rate of 10 °C /min under 
nitrogen flow rate of 100ml/min 
 
 
118 
 
 The deposition studies were carried out on glass substrate at 350 °C, 400 °C, 450 
°C and 500 °C and 600 °C under the dynamic argon flow rate of 160 sccm for 90 
minutes. The films deposited from bis[diphenylthioselenophosphinato)lead(II) (10)  
 
were analyzed using PXRD which conclusively showed the formation of thermally 
stable cubic form of PbSe (ICDD: 06-3540) at all deposition temperatures (Figure 
2.40). The as-grown films have preferred orientation along (200) plane.  
30 40 50 60 70 80
0
1000
2000
3000
4000
0
100
200
300
0
330
660
990
0
2600
5200
7800
30 40 50 60 70 80
 
2-Theta (degrees)
 (a)
 
 (b )
 
R
el
at
iv
e 
in
te
n
si
ty
 
(a.
u
)
 (c)
 
 
 (d)
(111 )
(200)
(220)
(311)
(222)(400)(331)(420 )
 
 
Figure 2.40. PXRD pattern of PbSe thin films deposited from 
bis[diphenylthioselenophosphinato)lead(II) (10) at (a) 350 °C (b) 400 °C (c) 450 °C and 
(d) 500 °C 
 
 SEM analysis of obtained thin films of PbSe from 
bis[diphenylthioselenophosphinato)lead(II) (10) showed cubic morphology at all 
temperatures. At 350 °C the deposited film consists of cubic particles scattered 
irregularly on the substrate. The estimated average size of these particles is 1 µm 
(Figure 2.41(a-b)). The PbSe thin film deposited at 400 °C have large cubic particles 
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(approx. 2µm) in addition to small cubic structures (Figure 2.41(c-d)). A number of 
small cubes have fused together to form large irregular shape clusters (approx. 3 µm). 
Similarly, the as-deposited PbSe thin films at 450 °C comprised of a benches of small 
and large cubic particles ((approx. 2-3µm) as shown in Figure 2.41 (e-f)). 
 
 
                
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.41. SEM images of PbSe thin films deposited from 
bis[diphenylthioselenophosphinato)lead(II) (10) at (a-b) 350 °C, (c-d) 400 °C and (e-f) 
450 °C 
 
 
 
 On the other hand, the PbSe thin films deposited at 500 °C also consist of cubic 
crystallites of variable sizes. (Figure 2.42 (a-b)). At 600 °C PbSe thin film deposited on 
silicon substrate showed two kinds of morphologies. At the corners of substrate, mostly 
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variable size cubic particles are present; in the middle of substrates pyramidal shape 
PbSe structures were present (Figure 2.42(c-f)). Quantitative EDAX analysis of the all  
 
films deposited at all temperature showed slightly selenium rich (1-2%) in comparison 
with lead. Low temperature deposited thin films had high % of phosphorus (6-9%) 
while at higher temperature deposited film had low phosphorus contents (1-2 %). 
 
 
Figure 2.42. SEM of images of PbSe thin films obtained from 
bis[diphenylthioselenophosphinato)lead(II) (10) at (a-b) 500 °C, (c-f) 600 °C 
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2.4.3. Synthesis of PbSe nanocrystals 
0.5g of bis[diphenylthioselenophosphinato)lead(II) (10) dissolved in 2 mL 
trioctylphoshpine (TOP) under N2 was injected into 5 g hexadecylamine (HDA) or in 
10 mL of oleylamine (OA) in 250 mL three neck flask and fitted with thermometer and 
reflux condenser. The flask was first purged with nitrogen for 10 minutes and then 
placed under vacuum for 30 minutes and gain flushed with N2 gas. The flask was then  
subsequently heated, around 100 °C, the contents of flask turned brown/black within 
first 15 minutes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.43. PXRD pattern of cubic PbSe (ICCD-06-0354) nanoparticles synthesized at 
100 °C for 15 min from bis[diphenylthioselenophosphinato)lead(II) (1) in HDA and 
TOP at 100 °C. 
 
 
 
 Figure 2.43 shows XRD pattern of PbSe NCs prepared at 100 °C in HDA and 
TOP. The characteristic cubic peaks of (111), (200), (220), (311) and (222) are clearly 
shown in Figure 2.43. All peaks are broad and indicate the small size of as-prepared 
PbSe NCs. TEM images are shown in Figure 2.44 (a-d).  
 
 
 
20 30 40 50 60 70 80
42
242
0
40
022
2
31
1
22
0
20
0
11
1
 
In
te
n
si
ty
 
(a.
 
u
.
)
2θ (degree)
122 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.44. High resolution TEM images (a-b)  of PbSe NCs prepared in oleylamine 
(OA) at 100 °C and (c-d)  in HDA and TOP at 100 °C from r  
bis[diphenylthioselenophosphinato)lead(II) (10) for 15 minutes 
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Figure 2.45. Typical XRD patteren of PbSe NCs prepared in (a) oleylamine (OA) at 100 
°C (b) oleylamine (OA): dodecanthiol (DDT) 1:1 at room temperature from 
bis[diphenylthioselenophosphinato)lead(II) (10) 
 
 
 
In another set of experiments, it was found that 
bis[diphenylthioselenophosphinato)lead(II) (10) can undergo thermolysis at room 
temperature upon stirring for 10 minutes. The obtained black residue was found to be 
crystalline PbSe material by XRD (Figure 2.45(b)). The shape of as deposited PbSe 
NCs was observed a mixture of rectangles, octahedral and square as shown in Figure 
(2.46). The estimated size of these nanostructures (rectangle, 63 ± 8.3 nm, square, 75 ± 
11 nm, octahedral, 86 ± 15nm).  
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Figure 2.46. TEM images (a-d) of some selected  shape of PbSe NCs prepared in 
oleylamine (OA): dodecanethiol (DDT) 1:1 at room temperature stirred for 10 minutes 
from bis[diphenylthioselenophosphinato)lead(II) (10) 
 
 
 
2.5. Chalcogen-metal Precursor without phosphorus [M (R1CONCER2R3N) 2], 
 (M= Metal, E=Se, R1=Aryl, R2=R3= Alkyl) 
 
PbSe thin films obtained from mixed precursor 
bis[diphenylthioselenophosphinato)lead(II) (10) had significant contamination of 
phosphorus originating during the CVD process. The presence of Phosphorus impurity 
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severely affects the quality as well as alters band structure of as-deposited lead selenide 
thin films. Similar types of results have been reported in the deposition of other metal-
selenide thin films.18-19 Therefore; it is desirable to develop new phosphorus free 
chalcogenide metal-organic compounds to deposit phosphorus free thin films and 
nanoparticles. N, N-dialkyl-N’-arylselenourea is an alternative class of compound 
which forms stable metal precursors as shown in Figure 2.12. It was prepared and 
reported by Douglass in 1937.30-31 However, the complexes of N, N-dialkyl-N’-
arylselenourea with metals reported quite late some 58 years later. 32-34 N, N-dialkyl-N’-
arylselenourea acts as bidentate ligand and during complexation the loss of 
selenoamidic proton promotes the co-ordination of O and Se donor atoms with metal 
ions.       
                                                                                                    
                                
R N N
R'
R'
O Se
H
 
Figure 2.47. Structure of the N, N-dialkyl-N’-acylselenourea where (R = benzoyl, R’R’ 
= Ethyl
 
for (11)); R = 4-niro-benzoyl,
 
R’R’ = isobutyl for (12). 
 
 
2.5.1. Synthesis of N, N-dialkyl-N’-arylselenourea 
The compounds (11) and (12) (Figure 2.47) were synthesised according to modified 
procedure reported by Dogulass as shown in eq. 3 and 4.30-31 The aryl chloride reacted 
with KSeCN in acetone solution followed by the addition of alkylamine at room 
temperature yielding the product. The addition of aryl chloride solution is a crucial step 
and should be added drop wise. A fog was generated during the addition of aryl 
chloride due to exothermic reaction which decreases the stability of intermediate and 
thus affects over all yield of N, N-dialkyl-N’-arylselenourea. 
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Finally, di-alkylamine (diethylamine for (11), diisobutylamine for (12) was added and 
mixture was stirred at room temperature for 10 minutes to ensure completion of 
reaction. Compound (11) and (12) were recovered from the mixture by solvent 
extraction using anhydrous diethyl ether. After the evaporation of ether solution at room 
temperature, compound (11) and (12) were recrystallized from ethanol at low 
temperature (0-5 °C) 
              
 
 
 
 
Figure 2.48. X-ray crystal structure of (12) and selected bond lengths (Å) and bond 
angles (°), C(1) N(1) 1.33(5) C(1) N(2) 1.41(4) C(1) Se(1)1.82(4) C(2) N(1) 1.47(4) 
C(1) Se(1) 1.83(4) C(10) O(1) 1.22(4), N(1) C(1) 125.5(3), O(2)-N(3)- 
O(3)123.8(4),O(2)-N(3)-C(14)118.2(4)O(3)-N(3)-C(14) 118.0(4) 
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 N, N di-iso-butyl- N -4 nitrobenzoylselenourea (12) belongs to monoclinic 
crystal system (Figure 2.48). The bond length of C=Se (1.82 Å) in this compound is 
significantly larger than sulfur analogues (1.67Å).29 The enlargement in bond of C=Se 
is due to the bigger size of Se atom compare to S atom. The compound exist in dimeric 
form due to intermolecular hydrogen bond N(2)-H(2)...O(1) with symmetry operators 
#1 x,-y+3/2,z+1/2.  
 
2.5.2. Synthesis of [bis(N, N di-alkyl-N -benzoylselenoureato)lead(II)] 
The lead complexes, [bis(N, N di-ethyl-N -benzoylselenoureato)lead(II)] (13) and 
[bis(N, N di- iso-butyl-N -4- nitrobenzoylselenoureato)lead(II)] (14) were prepared 
according to following equation (see experimental section) 
 
 
 
 The structure of [bis(N, N di- iso-butyl-N -4- nitrobenzoylselenoureato)lead(II)] 
(14) is based on a monomer in which each lead atom is surrounded by two selenium and 
two oxygen atoms, from each chelating N, N- di-iso-butyl-N -4-nitro benzoylselenourea 
ligand as shown in Figure 2.14. The geometry at lead is cis distorted square planar. Two 
of the Pb-Se bond distances are significantly larger than the two oxygen Pb-O i.e Pb(1)-
Se(1) ,2.85, Pb(1)-Se(1) 2.85 while Pb(1)-O(1) 2.428, Pb(1)-O(1) 2.428. This shows 
that oxygen atoms coordinate more strongly with Pb metal. There is intermolecular 
hydrogen bonding through carbonyl oxygen and selenoamidic hydrogen of 
neighbouring molecule (symmetry operators #1 x,-y+3/2, z+1/20, N(2)-H(2)...O(1)= 
2.792 Å). This feature is  unusual as compared to previous reports,35 where hydrogen 
bond is present between selenium atom of one molecule and selenoamidic hydrogen of 
adjacent molecule  known as resonance- assisted hydrogen bonding (RAHB) or bond 
cooperativity.  
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Figure 2.49. X-ray crystal structure of [bis(N, N di- iso-butyl-N -4- 
nitrobenzoylselenoureato)lead(II)] (14) and selected bond lengths (Å) and bond angles 
(°), Pb(1)-O(1) 2.43(6) Pb(1)-O(1)2.43(6) Pb(1)-Se(1) 2.85 (12),Pb(1)- Se(1)2.86 
(12)O(1)-Pb(1)-O(1)150.0(4) O(1)-Pb(1)-Se(1) 78.94(16) O(1)-Pb(1)-Se(1)80.41(18) 
Se(1)-Pb(1)-Se(1)92.22(5) 
 
 
Both compounds (13) and (14) are stable in the atmosphere and can be conveniently 
handled in air for many months. They are soluble in high boiling point solvents such as 
toluene or THF, making them useful for CVD studies.The thermal properties of 
precursors were assessed by thermogravimetric analysis (TGA) (N2 atmosphere at 10°C 
min-1 under nitrogen flow rate of 100ml/min) indicated weight loss in multiple steps 
between 148-370 oC (Figure 2.15). The mass of residue obtained from complex, [bis(N, 
N di-ethyl-N -benzoylselenoureato)lead(II)] (13) and [bis(N, N di- iso-butyl-N -4- 
nitrobenzoylselenoureato)lead(II)] (14) is 39 % (theoretical, 37.3 %) and 40 %  ( 
theoretical, 30 %) respectively.  
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Figure 2.50. Thermogravimetric analysis (TGA) for , [bis(N, N di-ethyl-N -
benzoylselenoureato)lead(II)] (13) and [bis(N, N di- iso-butyl-N -4- 
nitrobenzoylselenoureato)lead(II)] (14) at heating rate of 10 °C /min under nitrogen 
flow rate of 100ml/min 
 
 
2.5.3.  AACVD deposition of PbSe thin films 
 The deposited grey/black films of PbSe from both precursors , [bis(N, N di-
ethyl-N -benzoylselenoureato)lead(II)] (13) and [bis(N, N di- iso-butyl-N -4- 
nitrobenzoylselenoureato)lead(II)] (14)  were non-adherent and could be easily wiped 
off the surface, indicating that the lead selenide particles were weakly adsorbed on the 
glass substrate. The films deposited from both precursors were analyzed using XRD 
which conclusively showed the formation of thermally stable cubic form of PbSe 
(ICDD: 06-3540) at all deposition temperatures (Figure 2.51 & 2.52). The films were 
highly textured along the (200) plane. All peaks in the XRD pattern are narrow and 
sharp which indicate thin films consists of micron-size crystallites. Moreover, sharp 
peaks also show the films are highly crystalline.  
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Figure 2.51. XRD patterns of as-deposited PbSe thin films from precursor, [bis(N, N di-
ethyl-N -benzoylselenoureato)lead(II)] (13) (a-f) at 250-500 °C respectively. 
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Figure 2.52. XRD patterns of as-deposited PbSe thin films from [bis(N, N di- iso-butyl-
N -4-nitrobenzoylselenoureato)lead(II)] (14) (a-e) at 300-500 °C respectively 
 
 
The XRD pattern of film deposited at 350 °C from precursor , [bis(N, N di-ethyl-N -
benzoylselenoureato)lead(II)] (13) was further analyzed by Rietveld method to observe 
the purity of phase of deposited films. The calculated lattice values (a= 6.123 Å) are in 
good agreement with the reported values (a = 6.124 Å).The final agreement factors after 
Rietveld refinement of the resulting XRD pattern of the film deposited at 350 °C 
precursors [bis(N, N di-ethyl-N -benzoylselenoureato)lead(II)] (13) are given in table 
2.4 while XRD pattern is shown in Figure 2.53. 
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Figure 2.53. XRD pattern obtained after Rietveld refinement analysis of PbSe 
thinfilm depsoited at 350 °C from precursor [bis(N, N di-ethyl-N -
benzoylselenoureato)lead(II)] (13) 
 
 
Table 2.4.  Parameters obtained by Rietveld refinement of PbSe film deposited 
from [bis(N, N di-ethyl-N -benzoylselenoureato)lead(II)] (13)  at 350 °C  
R-Bragg 9.354 
Space group Fm 3 m 
Cell mass 1260.393 
Cell volume (Å3) 229.6452 
Wt % - Rietveld 100.000 
Crystal linear absorption 
coeff. (1 cm-1) 
1719.894 
Crystal density (g cm-3) 9.114 
Preferred orientation 
(Dir 1 : 2 0 0) 
0.53473 
(Dir 2 : 1 1 1) 0.95785 
Fraction of Dir 1 0.1455 
a (Å)   6.123(7) 
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Figure 2.54. SEM images of PbSe thin film deposited from [bis(N, N di-ethyl-N -
benzoylselenoureato)lead(II)] (13)at (a) 250 °C, (b) 300 °C, (c) 350 °C (d) 400 °C, (e) 
450 °C and (f) at 500 °C 
 
 
SEM analysis of obtained thin films of PbSe from [bis(N, N di-ethyl-N -
benzoylselenoureato)lead(II)] (13)  shows cubic morphology at all temperatures. At 250  
°C the deposited film consists of cubic particles scattered irregularly on the substarte. 
The estimated average size of these particles is 600 nm (Figure 2.54 (a)). The PbSe thin 
film deposited at 300 °C have large cubic particles (approx. 4µm) in addition to small 
cubic structures (Figure 2.54 (b)). Similarly, the as-deposited PbSe thin films at 350 °C 
and 400 °C comprised of a mixture of small and large cubic particles (Figure 2.54(c)-
(d)).on the other hand, the PbSe thin films deposited at 450 °C had good film coverage 
and showed cubic particles tightly packed together (Figure 2.54 (e)). At 500 °C PbSe 



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thin film also consists of large and small cubic particles, the average size of them is 
3µm (Figure 2.54 (f)).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  2.55. SEM images of PbSe thin film deposited from [bis(N, N di- iso-butyl-N -
4- nitrobenzoylselenoureato)lead(II)] (14) at (a) 300 °C (b-c) 400 °C (d) 450 °C (e-f) 
500 °C 
 
 
 
Deposition studies carried out from [bis(N, N di- iso-butyl-N -4- 
nitrobenzoylselenoureato)lead(II)] (14)  resulted in various morphology at different 
growth temperatures. The PbSe thin films obtained at 300 °C consists of globular 
particles ca. 3 µm size (Figure 2.55 (a)). As the growth temperature was increased to 
400 °C, two morphologies were observed from same substrate which could be the 
consequence of temperature gradient in the heating furnace. At the edges of the of the 
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substrate, the film consists of cubic particles (Figure 2.55 (b)) which had wire-like 
structures growing out of their exposed faces. Corresponding inset in Figure 2.55 (b) 
showing HR-SEM image of such particles. In the middle of same film, the film consists  
of network of wire like structures (Figure 2.55(c)). At 450 °C, films had irregular flakes 
like structures having diameter of micron size randomly distributed over the surface 
(Figure 2.55 (d)). The film obtained at 500 °C comprised disordered network of wires 
(Figure 2.55 (e-f)). Quantitative EDAX analysis confirmed that the deposited films are 
slightly selenium rich (1-3%) in comparison with lead. 
 
2.5.4. Synthesis of PbSe nanostructures at room temperature 
 The obtained black residue was analyzed by XRD and it was found consist of 
pure PbSe phase without any impurity. Hence systematic study of effects of alkyl 
chains of amine on decomposition of this precursor and subsequently morphology of 
the as-prepared PbSe nanoparticles is carried out as shown in Table 2.5 
Table 2.5. Shape/size of nanostructures obtained from [bis(N, N di-ethyl-N -
benzoylselenoureato)lead(II)] (13) at room temperature 
 
Exp. No. Solvent/capping agent Morphology/size 
1 Oleylamine(OA) Cabbage like structures (600 
± 94 nm) 
2 Ethylenediamine (en) Rectangular (4 µm) 
3 Oleic acid No reaction 
4 Propylamine (PA) Hexagonal (800 ± 80 nm) 
5 Dodecanethiol(DDT): OA (1:1) Rods, rectangular, square 
(23 ±6 nm) 
 
 For comparative study, concentration of [bis(N, N di-ethyl-N -
benzoylselenoureato)lead(II)]  (13) and alkylamines were kept constant. Alkyl  
amine is used as the solvent to promote the decomposition, and it also acts as a 
stabilizing agent for the particles that form. Despite the low growth reaction 
temperature, the particles are crystalline and defect-free. The reaction with oleylamine 
results in the production of cabbage like structures of PbSe (Figure 2.55 (a-b)).  
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Figure 2.56. TEM images of PbSe nanostructures obtained from precursor, bis(N, N di-
ethyl-N -benzoylselenoureato)lead(II)] (13) at room temperature in (a-b) oleylamine, 
(c) ethylenediamine,(d) DDT:oleylamine (1:1), (e) propylamine and (f) Selected area 
diffraction  pattern (SAED) of PbSe nanostructures prepared in oleylamine 
 
 
 TEM analysis showed that these cabbages like structures have diameter ca: 600 
nm. Inset in Figure 2.55 (a) shows that they are composed of self-assembled individual 
PbSe nanoparticles. When reaction was carried out in a bifunctional amine like 
ethylenediamine (en), the morphology of nanostructures changed to rectangular rings 
like structures (Figure 2.55 (c)). Precursor (13) did not decompose when reaction was 
conducted in oleic acid and dodecanethiol (DDT), however when 1:1 mole ratio of 
oleylamine and DDT were used a mixture of rectangular and square shaped particles 
were obtained (Figure 2.55(d)). Similarly the reaction with shorter chain amine like 
propylamine also results in the formation of large hexagonal like structures as shown in 
Figure 2.55 (e).The deposited PbSe nanostructures at room temperature showed cubic 
phase as confirmed by XRD and selected area electron diffraction (SAED) pattern 
(Figure 2.55(f)).  
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2.5.5. Colloidal Synthesis of PbSe nanocrystals 
[bis(N, N di- iso-butyl-N -4- nitrobenzoylselenoureato)lead(II)] (14) was also usedto 
prepare PbSe nanocrystals by colloidal method.  The reaction was performed at 200 °C 
and 250 °C. The obtained brown jelly like material was suspended in 5 ml of toluene 
and re-precipitated by adding an excess of acetone to wash away any impurities and 
excess coating. . A typical PXRD pattern of the PbSe  NCs prepared  at 200 °C (Figure 
2.56) showed cubic (fcc) lead selenide (ICDD:06-3540). The characteristic cubic 
pattern with (111), (2000, (220), (311), (400) and (420) diffraction peaks is seen. The 
broadening of the peaks is consistent with the small size of PbSe nanocrystals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.57. Typical XRD of PbSe nanoparticles prepared by thermolysing of [bis(N, N 
di- iso-butyl-N -4- nitrobenzoylselenoureato)lead(II)](14) at 200 °C 
 
 TEM analysis showed that at 200 °C nearly spherical PbSe nanoparticles were 
formed. The average diameter from TEM image is 6.2 ±1.2 nm (Figure 2.57 (a-b)). At 
250 °C, the predominated morphology of the PbSe is spherical (12.5 ± 2.9 nm) as 
shown in Figure 2.57(c-d). HRTEM lattice fringe images (Figure 2.57 (b-d) shows  
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single crystals with few defects. The lattice spacing was calculated as 3.4 Å, which 
corresponds to the interlayer separation along the (200) lattice plane for bulk PbSe 
(ICDD:06-3540). The Energy dispersive X-ray spectroscopy (EDX) of as-prepared 
PbSe nanoparticles showed the presence of only Pb and Se elements. (Figure 2.58).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.58. (a-c) Spherical shape PbSe nanoparticles prepared from [bis(N, N di- iso-
butyl-N -4- nitrobenzoylselenoureato)lead(II)] (14) at 200 °C, (d-f) cubic shape PbSe 
nanoparticles prepared at 250 °C ( all in TOP/oleic acid/octadecene) 
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Figure 2.59. Energy dispersive X-ray profile spectrum of PbSe nanoparticles prepared 
from bis(N, N di-ethyl-N -benzoylselenoureato)lead(II)] (14) at 250 °C 
 
 
Figure 2.60. (a) UV/Vis-absorption spectrum of PbSe nanoparticles (b) Fluorescence 
lifetime decay curve of PbSe nanoparticles prepared  from [bis(N, N di- iso-butyl-N -4- 
nitrobenzoylselenoureato)lead(II)] (14) 200 °C 
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The electronic spectrum of PbSe nanoparticles showed a band edge at 950 nm, 
1.3 eV (Figure 2.59 (a)). There is considerable blue shift in absorption spectrum of as-
synthesized PbSe as compared to bulk (4.6 µm, 0.27 eV). A PL life time experiment 
based on the time-correlated single photon counting (TCSPC) technique was carried out 
on as-prepared PbSe nanoparticles prepared at 200 °C. The PL transient obtained could 
be well-described by a tri-exponential decay; both the experimental data and the fitted 
tri-exponential function are shown in Figure 2.59(b). The decay constants associated 
with the fit were 10 ± 1ns 3.0 ± 0.2 ns and 0.71 ± 0.01 ns; the relative amplitudes of the 
constants were 8%, 35% and 57% respectively. The PL decay observed here is 
significantly faster than reported previously36 for PbSe nanoparticles in that case, a 
largely mono-exponential decay with a 880 ns time constant was observed and 
attributed to electron-hole pair recombination. The multi-exponential form and much 
more rapid decay observed in the current study suggest that processes other than 
electron-hole pair recombination are significant.  
 
 
2.6. Conclusion:  
 
Thin films of PbS were sucessfully grown from newly synthesized dithiocarbamato 
complexes of lead. Minimum temperature required for the deposition of PbS thin films 
from complex (1) and (2) was 375 °C whereas complex (3) and (4) gave films at 350 
°C. These deposition temperature are lower than those reported for the deposition of 
PbS thin films from bis(ethyl-iso-propyldithiocarbamo)lead(II) and bis(methyl-n-
butyldithiocarbamato)lead(II).12 This difference in the minimum deposition temperature 
appears to be related to the chain lengths of alkyl groups. Longer the chain lengths of 
alkyl groups lower the deposition temperature. There is also a considerable difference 
in the morphology and the quality of the films deposited from bis(ethyl-iso-
propyldithiocarbamo)lead(II) and bis(methyl-n-butyldithiocarbamato)lead(II) 
complexes12 as compared to our results. The films deposited from those complexes 
were non-uniform and less crystalline as compared to our present In general most  
 
dithiocarbamato complexes of lead give PbS thin films by AACVD method but the 
quality of the films improves as the chain length increases. A considerable difference 
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can be noticed when the chain length reaches around six carbons. The films obtained 
from longer chain alkyl derivatives are more crystalline and uniform than those from 
smaller chain alkyl derivatives. Also the lower deposition temperature for longer alkyl 
derivatives causes less defaults and contamination in the deposited films. This may be 
due to the formation of more stable more volatile species by longer chain alkyl groups 
which act as better leaving entities. 
 PbS nanocrystals were also prepared using dithiocarbamato complexes of lead 
in oleylamine. All precursors except (6-7) deposited good quality PbS nanocrystals at 
60-80 °C . Lower deposition temperature favoured spherical while higher (80 °C) cubic 
shape nanocrystals. Precursor (6-7) deposited PbS nanocrystals at 150 °C. [bis(O-
butyldithiocarbanato)lead(II)] complex was also used to deposit PbS thin films on 
polyimide and glass substartes by aersol assisted chemical vapors deposition(AACVD) 
and low pressure chemical vapors deposition (LP-CVD).This precursor also deposited 
PbS thin films by liquid-liquid interface. PbS nanocrystals also prepared using[bis(O-
butyldithiocarbanato)lead(II)] at room temperature in longer alkyl chain amines. PbSe 
thin films were grown using thioselenophosphinato complex of lead by AACVD. 
Energy dispersive X-ray (EDX) analysis showed that deposited films contained 
phosphorus, N,Ndialkylacylselenourea complexes of lead were synthesized and used to 
deposit phosphrous free PbSe thin films by AACVD. PbSe nanocrystals were prepared 
by thermolysis of [bis(N, N di-alkyl-N -benzoylselenoureato)lead(II)]. 
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Chapter 3 
 
 
Synthesis of Lead Chalcogenide nanocrystals via  
‘Greener’ Route 
 
 
 
work described in chapter 3 orignally published in a recent publication, “A greener 
route to photoelectrochemically active PbS nanoparticles”J. Mater. Chem., 2010, 20, 
2336 – 2344. Some portion of this chapter is expected to appear in upcoming 
publications. The synthetic work is carried out at School of Chemistry, and 
characterization of deposited materials by XRD and TEM is done in School of 
Materials Science, The University of Manchester. XPS analysis, optical and 
fluorescence lifetime measurements of nanocrystals are performed by. Dr. Samantha J. 
O. Hardman, Dr. Darren Graham and Dr. Stuart K. Stubbs School of Physics and 
Astronomy and the Photon Science Institute, The University of Manchester. 
Photovoltaic measurements are carried out at Department of Chemistry, Loughborough 
University in laboratory of Dr. Wijayantha. Optical characterization of alloyed 
nanocrystals PbSxSe1-x is carried out by Dr. Mateusz Banski, Institute of Physics, 
Wroclaw University of Technology, Wybrzeze WyspianskiegoWroclaw , Poland. 
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3.1. Introduction 
The last two decades have witnessed tremendous interest in the synthesis of 
semiconductors nanocrystals (NCs). The unique size and shape dependent properties of 
these NCs have motivated to develop a number of solution based preparative 
techniques. Green chemistry has come a long way in the past decade and is now being 
increasingly used for chemical synthesis1-5 including inorganic nanomaterials.6-10  A 
set of 12 principles were defined and elaborated originally by Anastas and Warner 
for greener syntheses which has been now used as a guide protocol and design 
criterion by synthetic chemists.11-19 The driving force for such work in nanomaterials 
synthesis includes: minimizing chemical hazards to health, reducing ecotoxicity, a need 
for a competitive high quality products and using energy efficient chemical processes. 
In line with these ideas green nanochemistry attempts to develop methods to synthesize 
nanomaterials without using auxiliary solvents and/or surfactants thus leading to more 
environmentally benign nanomaterials, potentially with reduced toxicity. 20-21 
 There is a great deal of interest in monodisperse PbS nanocrystals with surface 
passivation and photostability for applications in optical and photoelectrochemical 
devices. Several synthetic methodologies have been adopted for the preparation of PbS 
nanocrystals.38-45 However, the rapid injection of precursor in a hot coordinating 
solvent remains the most successful method with a greater control of size and 
reproducibility. The injection methods involve the use of trioctylphosphine (TOP) 
or tributylphosphine (TBP), trioctylphosphine oxide (TOPO) or oleylamine (OA) and 
other long chain amines as solvents and capping agents. The use of TOPO and other 
organic capping agents have shown to enhance the toxicity of nanocrystals in vivo 
applications.46-48 Moreover poor surface passivation and photosensitivity with 
capping agents such as TOPO and thiol accelerate the degradation of nanocrystals 
after their preparation.49-52 Additionally, TOP or TBP is hazardous and unstable. One 
solution for this problem is to use ionic liquids as the solvent for synthesizing 
nanocrystals.53-58 However, this approach also suffers from a number of draw backs 
such as the requirement of capping agents, the high cost of ionic liquids and low 
solubility of many precursors that are currently available. PbS nanocrystals were 
synthesized in olive oil as an alternative for conventional organic capping agents and 
solvents. In chemical terms, olive oil is a triacylglyceride of long chain fatty acids 
including oleic, linoleic and linolenic acid; additional minor  
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components are monoterpenes and long chain phenolic esters.59-72 The use of olive 
oil as a capping agent and a  solvent eliminates the need for the use of air-sensitive, 
toxic and expensive chemicals such as TOP, TBP or amines. 
 
 
3.2. Synthesis of PbS nanocrystals in olive oil  
 
Experiments were performed under different conditions of [Pb]:[S] mole ratio and 
growth time, in order to determine the  optimum conditions for PbS nanocrystals 
syn t he s i s . The f irst set of experiments (X1-X4) was carried out to determine 
the effect of the [Pb]:[S] mole ratio on the size or the quality of the nanocrystals. 
The ratio of [Pb]:[S] was varied in the reaction mixture (PbO:TMS) from 1:2 to 
1:0.25 at 60 °C for 30 seconds growth time. The highest molar ratio [Pb]:[S] (1:2), 
the reaction mixture (X1) produced a product with negligible absorption with a flat 
line in the absorption spectrum (Figure 3.1 (a)).  
 In the second experiment (X2) the [Pb]:[S] ratio was reduced to 1:1. The 
nanocrystals produced from this reaction showed a broad absorption spectrum with 
a long tail without any excitonic feature indicative of a broad size distribution 
(Figure 3.1 (b)). In the third experiment (X3) the ratio of [Pb]:[S] was 1:0.5. The 
absorption spectrum showed a broad hump around 860 nm but with as much long tail 
as for the sample with a 1:1 ratio (Figure 3.1 (c)). In the fourth experiment (X4) the 
[Pb]:[S] ratio was 1:0.25. The resultant nanocrystals gave an absorption spectrum 
with a prominent shoulder for first exciton around 720 nm and a sharp peak (Figure 
3.1 (d)). 
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Figure 3.1.  Room temperature absorption spectra of PbS nanocrystals prepared at 
60 °C  using [ Pb]:[S]  mole ratio (a) X1,1:2, (b) X3,1:1, (c) X2,1:0.5, and (d) X4,1, 
0.25,growth time is 30 seconds in each case 
 
 
 The other important factor in controlling the size of the nanocrystals was 
the growth time. A separate set of experiments (X4-X7) was carried out with a 
precursor mixture containing a [Pb]:[S] molar ratio of 1:0.25 at 60 °C 30, 60, 90 and 
180 seconds of growth time (Figure 3.2 (a-d)). The nanocrystals produced at 30 
seconds (X4) showed a clean and narrow absorption spectrum with a peak 
corresponding to the first exciton around 720 nm (1.719 eV ) (Figure 3 . 2 (a)). By 
increasing the growth time to 60 seconds (X5) the excitonic peak shifted to 920 nm 
(1.35 eV) (Figure 3.2 (b). The absorption spectrum of PbS nanocrystals grown f o r  
120 seconds (X6) further shifted the peak to 1180 nm (1.15 eV) (Figure 3.2 (c)). 
Similarly, the PbS nanocrystals prepared with a growth time of 180 seconds (X7) 
showed some additional features due to higher energy transitions within the 
nanocrystals in addition to the excitonic peak at 1410 nm (0.88 eV) (Figure  
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3.2(d)). It is clear from Figure 3.2 that a large quantum confinement induced blue 
shift of the absorption edge of the PbS nanocrystals occurs with decreasing reaction 
time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. Room temperature absorption spectra of PbS nanocrystals prepared at 60 °C 
using Pb:S mole  ratio, 1: 0.25 (a) X4, growth time 30 seconds (b) X5, growth time 60 
seconds (c) X6, growth time 120 seconds and (d)X7, growth time 180 seconds. The 
corresponding particle diameters are determined from HRTEM images. N.B. All spectra 
are normalized to the intensity of the ground state excitonic absorption peak and are 
vertically offset for clarity. 
 
 
 
The ground state excitonic transition energies, determined from the positions of 
the first excitonic absorption peak in Figure 3.2 are 1.71 eV, 1.35 eV, 1.15 eV and 
0.88 eV for samples (X4-X7) respectively (Table 3.1) showing that the band gap  
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can be tuned across the whole of the near-infrared spectral region from 720 nm to  
1410 nm which is consistent with the data reported by Cademartiri and co-workers.74 
Table: 3.1 shows band gap and average size distribution with standard deviation of 
PbS nanocrystals prepared at 60 °C  of all four sample X4-X7.  
 
 
Table. 3.1  Band gap and average size distribution of PbS NCs 
 
a
 mean diameter calculated from TEM 
 
Transmission electron microscopy (TEM) analysis of all four samples  
(X4-X7) of PbS nanocrystals was carried out to observe the shape and calculate the 
diameter of the as-prepared nanocrystals. The shape of the PbS nanocrystals was 
close to spherical in all cases as shown in Figure 3 . 3 (a,c). This figure also provides 
insights into the crystal structures of these nanocrystals.  HRTEM lattice fringe 
images ( Figure 3.3b) and corresponding inset) showed single crystals with few 
defects. The lattice spacing was calculated as 2.93 Å, which corresponds to the 
interlayer separation along the (200) lattice plane for bulk PbS (ICCD-5-592). 
Furthermore, the selected area electron diffraction (SAED) patterns index well to the 
cubic rock salt PbS crystal structure Figure 3.3 (d) and diffraction rings matched well 
with corresponding XRD patterns of the PbS nanocrystals. 
 
 
Experiment Growth  
time 
(seconds) 
Mean diameter a 
(nm) 
Transition energy 
1Se-1Sh (eV) 
 
PL peak 
position    
(eV) 
X4 30 2.79 ± 0.45 1.71 1.34 
X5 60 3.80  ± 0.63 1.35 1.21 
X6 120 4.44  ± 0.87 1.15 1.06 
X7 180 5.88 ± 1.24 0.88 0.85 
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Figure 3.3. TEM of PbS nanocrystals of (a) Sample X4, growth time 30 Seconds (b) 
HRTEM of PbS nanocrystals Sample X6, growth time 120 seconds, inset showing 
lattice fringes of cubic PbS nanoparticle, d= 2.93 Å and calculated corresponding 
plane [200], (ICDD-5-592 (c) TEM of PbS nanocrystals of sample X7, growth time 
180 seconds (d) SAED pattern of PbS nanoparticle, the diffraction rings match the PbS 
cubic phase and labelled rings have been identified as 1. (111), 2. (200), 3. (220), 4. 
(311), 5. (222), 6. (400), 7. (420) 
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Figure 3.4. Variation of the ground state exciton transition energy with the mean 
particle diameter determined from TEM (line is drawn for clarity). This graph shows 
dependence of the exciton transition energy on the size of nanocrystals 
(calculationbased on 100 nanocrystals in TEM images). 
 
 
 
 
Figure 3.4 shows the relationship between the ground state exciton transition energy 
and the mean particle diameter of the PbS nanocrystals determined from HRTEM 
images. Sharp absorption peaks in Figure 3.2 also indicate the little polydispersity in 
the nanoparticle samples. This good size distribution is obtained without any 
post synthesis size selective precipitation. Compared to other methods38-45 where 
post reaction size selective precipitation is essential to obtain monodispersed 
nanocrystals, this method is simple.  
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Figure 3.5. Normalized room temperature photoluminescence spectra of PbS 
nanocrystals prepared at  60 °C , using Pb:S mole ratio,1: 0.25 (a) X4, growth time 30 
seconds (b) X5, growth time 60 seconds (c) X6, growth time 120 seconds and (d) X7, 
growth time 180 seconds . The sharp features observed
 between 0.86– 0.92 eV are 
due to absorption by atmospheric water vapour 
 
 
 
 The room temperature photoluminescence spectra of PbS nanocrystals 
prepared at a [Pb]:[S] molar ratio of 1:0.25 at 60 °C  for 30 seconds to 180 seconds of 
growth times (interval) are shown in Figure 5. The PbS nanocrystals (X4) with an 
excitonic peak at 720 nm showed luminescence in NIR region at 925 nm (Figure 
3 . 5 (a)). The full width at half-maximum (FWHM) height of the photoluminescence 
spectra is 197 meV (Figure 3.5 (a)). The PL spectrum of PbS nanocrystals grown for 
60 seconds (X5) showed emission at 925 nm (Figure 3.5 (a)) with an FWHM in the 
P L  spectrum of 156 meV (Figure 3 . 5 (b)). The emission peaks for PbS 
nanocrystals prepared over  120 and 180 seconds occurred at 1170 nm (Figure 3.5 
(c)) and 1460 nm (Figure 3.5 (d)) with corresponding FHWM of 180 meV (Figure 3.5 
(c)) and 133 meV (Figure 3.5 (d)) respectively. These F H W M  values are comparable 
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with the values recently reported by Turyanska et al.75 and confirm the relatively small 
degree of polydispersity in the nanocrystals.
 
 
 In order to study the stability of the PbS nanocrystals in toluene we monitored 
changes over time in the first excitonic peak. Two solutions of similar concentration 
(0.50 mg PbS nanocrystals (X3) in 20 ml of anhydrous toluene) were prepared. 
One solution was wrapped in black paper and kept under dark, whilst the other was 
kept in light under the ambient laboratory conditions. The absorption spectra of the 
two solutions were measured intermittently over a period of one month and are 
shown in Figure 3.6. The presence of the first excitonic peak in the absorption 
spectrum without a significant change after 30 days, under both dark and light 
conditions clearly demonstrates that the PbS nanocrystals as prepared by this 
method are relatively stable in toluene. 
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Figure 3.6. Room temperature absorption spectra of PbS nanocrystals prepared at 60 
°C , sample X4 (a) PbS nanoparticle in toluene kept under dark and (b) PbS 
nanoparticle toluene solution in light. PbS nanocrystals N.B. All spectra are 
normalized to the intensity of the ground state excitonic absorption peak and are 
vertically offset for clarity. 
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 The XRD pattern of the as-prepared PbS nanocrystals (X1-X4) (Figure 3.7) 
show cubic PbS nanocrystals with a lattice parameter a = 0.5918 nm (ICCD-5-592). 
The characteristic peaks for (111), (200), (220), (311), (400) and (420) reflections can 
be clearly identified. The appearance of broad peaks is as expected for small size 
nanocrystals of PbS. The sizes of the PbS nanocrystals were estimated using the 
Schererr equation as: 3.5 nm (X1), 4.3 nm (X2), 4.9 nm (X3) and 5.8 nm (X4). The 
estimated size from XRD is fairly close to the size as determined from transmission 
electron microscopy (TEM) analysis. 
 
 
                    
 
 
Figure 3.7. XRD patterns of PbS nanoparticles prepared in olive oil at 60 °C using Pb : 
S mole ratio, 1 : 0.25 (a) X4, growth time 30 s (b) X5, growth time 60 s (c) X6, growth 
time 120 s and (d) X7, growth time 180 s
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 In order to study the chemical environment of PbS nanocrystals prepared in 
olive oil X-ray photoelectron spectroscopy (XPS) was carried out on the PbS 
nanocrystals prepared in experiment X4. The first study was attempted on olive oil 
capped PbS nanocrystals by casting a film on ITO coated glass substrate in toluene. 
However, due to the presence of the long insulating oleic acid alkyl chain, 
samples were subjected to charging in the XPS experiment. Therefore, ligand 
exchange with butyl amine was carried out and butyl amine capped nanocrystals 
were then analyzed by XPS (see experimental section). 
 The XPS spectra showed the presence of Pb and S, as expected, and also C 
and N which are attributed to the capping ligands. Exposure to the air after synthesis 
had a significant effect on the spectra; adsorbed molecules from the atmosphere such 
as water and carbon dioxide contributed to the C and O peak intensities. Figures 3.8 
and 3.9 show high resolution spectra of the Pb 4f and S 2p core levels. A Shirley 
type background was subtracted and Voigt functions used to fit the line shapes. The 
spin-orbit splitting of the doublets was set as 4.8 eV for the Pb 4f peaks and 1.2 
eV for the S 2p peaks. The intensity ratio was set as 4:3 for the Pb 4f doublets and 
2:1 for the S 2p doublets. The Pb 4f spectra show at least 3 components present in 
the sample, Pb1, Pb2 and Pb3, which are attributed to PbSO4, PbS, and Pb 
respectively. The S 2p core level spectra show at least 4 components, S1, S2, S3 and 
S4, which are attributed to PbS, S, and highly oxidized states such as PbSO3 and 
PbSO4 respectively. The oxidized species present in the sample are due to exposure 
of the surfaces of the PbS Nanocrystals to the air after synthesis.  
 The reaction of surface molecules with the atmosphere is an effect which has 
been previously observed in PbS nanocrystals.76 Using the areas of the Pb 4f and 
S 2p core level spectra and the photoionisation cross sections77 the ratio of Pb to S 
was found to be 1.7:1 in the PbS nanocrystals. Similarly, high resolution spectra of 
the valence band and Pb 5d core levels for both bulk PbS and the PbS 
Nanocrystals are shown in Figure 10. The apparent shift in the Pb 5d doublet from 
18.9 and 21.5 eV in the bulk to 20.3 and 22.9 eV in the PbS nanocrystals are again  
due to the surface oxidation of the nanocrystals.  
 The series of broad peaks in the PbS nanocrystals spectrum, which are most 
intense around 5–10 eV binding energy, are attributed to the nanocrystals capping 
groups. The binding energy of the edge of the valence band is equivalent to the 
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gap between the Fermi level and the valence band of a substance. This value was 
measured as 0.35 eV for bulk PbS and 1.32 eV for the PbS nanocrystals. The band 
gap of bulk PbS has been measured to be 0.41 eV22 whilst the band gap of the PbS 
nanocrystals samples was ~1.6 eV. This means that both the bulk sample and the 
PbS nanocrystals were n-type semiconductors. 
 
 
 
 
Figure 3.8. X-ray photoemission spectrum of lead 4f core levels. Doublet Pb1 (long 
dashes) occurs at 139.1 and 143.9 eV, doublet Pb2 (dots) occurs at 138.6 and 143.4 eV, 
doublet Pb3 (short dashes) occurs at 137.2 and 142.0 eV 
 
                  
 
 
158 
 
 
Figure 3.9. X-ray photoemission spectrum of Sulfur 2p core levels. Doublet S1 (long 
dashes) occurs at 161.5 and 162.7 eV, doublet S2 (dots) occurs at 162.3 and 163.5 eV, 
doublet S3 (long dashes) occurs at 167.2 and 168.4 eV, doublet S4(dots) occurs at 168.6 
and 169.8 eV 
 
 
Figure 3.10. X-ray photoemission spectra of valence band and lead 5d core levels for 
bulk PbS (dashed line) and PbS nanocrystals (solid line). 
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Samples X4 and X5 of PbS nanocrystals were analysed by time-correlated single 
photon counting (TCSPC) and PL decay curves were monitored as shown in Figure 
3.11. In both cases, after the first microsecond the decay is largely mono-exponential 
with an associated time constant and has a long time component (the tail) of ~ 1.2 µs, 
however, they both have a faster time component which could be attributed to trap 
states, or interaction with the surface ligands or surface dangling bonds. This 
observation is similar to previously reported PL lifetimes for PbS and can be attributed 
to band edge recombination. However, at times shorter than 1 µs the PL decay is multi-
exponential, indicating that processes other than band edge recombination contribute 
significantly to the decay on this time-scale.78 The long radiative lifetimes in the PbS 
nanocrystals attributed to the dielectric screening. The screening of the radiating field 
inside the nanocrystals has the effect of weakening the internal field and consequently 
increasing the radiative lifetime. The long lifetimes associated with the effect of 
dielectric screening is predicted for all the IV–VI semiconductor nanocrystals with 
high dielectric constants recorded for long lifetimes.79                 
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Figure 3.11. Fluorescence lifetime decay curves of PbS nanocrystals prepared in olive 
oil at 60 °C  (a) sample X3, and (b) sample X4 
 
 
 To investigate the photoelectrochemical behaviour of as-prepared PbS 
nanocrystals, they were assembled on the surface of nanocrystalline ZnO/SnO2 
electrodes. The attachment of PbS nanocrystals on ZnO/SnO2 surface was carried out 
by the adsorption process as depicted in Figure 3.12.  
 The steady-state current-voltage characteristics of PbS self-assembled 
ZnO/SnO2 electrodes were studied in 1M Na2SO3 electrolyte solution. Since the 
band gap of PbS is quite low (~ 0.41 eV for bulk PbS at 300 K), 22 it is essential to 
study photoelectrochemical properties of PbS by coupling to a wide band gap 
semiconductor material (i.e. ZnO, TiO2) or suitable metal (i.e. Au) as a 
photosensitiser.80-82 Both ZnO and SnO2 are wide band gap semiconductor materials 
and absorb only a very small fraction of the visible light. Therefore, the electrodes 
made from either of those materials or the composite ZnO/SnO2 electrodes show a  
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negligible photocurrent under visible light. nanocrystalline ZnO/SnO2 composite 
electrodes used in this study have been already been employed to construct dye-
sensitised solar cells successfully.83-86 
 
             
Figure 3.12. Schematic representation of PbS NPs sensitization process with 3-
mercaptopropanoaic acid with ZnO-SnO2 composite film deposited on ITO, wavy lines 
indicate the chemical bonding. Step I electrode is dipped in 3-mercaptopropanoaic acid 
solution for 14 hours. Step II these electrodes were removed and washed with toluene to 
remove excess of acid and then dipped in PbS nanocrystals solution (sample X5) 
 
 
 
The ZnO/SnO2 electrode consisted of nanosized crystallites which provided a high 
surface area to facilitate attachment of PbS nanocrystals and absorb visible light. The 
band gap of PbS nanocrystals increases due to size quantization effect. The 
repositioning of the conduction band of PbS negative to that of ZnO/SnO2 is a direct 
result of quantum confinement in PbS nanocrystals. Under these conditions the charge 
injection takes place from the conduction band of PbS into that of ZnO/SnO2 as shown 
in Figure 3.13. Once the photogenerated charges are injected, they transport  
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through the metal oxide composite electrode and are subsequently collected at the 
FTO
 
substrate.  
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Figure 3.13. Schematic band diagram of the quantum size PbS/ZnO-SnO2 interface, 
also shown is the corresponding diagram for bulk PbS [22]. Based on Ref. 86 , the 
electron affinity and band gap of ZnO-SnO2 is estimated to be 5.1 eV and 3.6 
respectively.VB, valence band and CB stands for conduction band. 
 
 
High resolution SEM and AFM in Figure 3.14 show the surface morphology of 
ZnO/SnO2 composite electrode. Small needle-like structures grow up from the surface 
of the substrate at different angles, due to the uneven morphology of the FTO substrate. 
The photocurrent of the bare composite ZnO/SnO2 electrode as measured under AM1.5 
simulated light is negligible (~ 0.02 µAcm-2) which indicates that charge generation in 
the high band gap metal oxide phase under visible light is very low. However, the PbS 
nanocrystals composite ZnO/SnO2 electrode shows a significantly higher photocurrent 
density under the same illumination,
 
electrode suggesting the enhanced light 
absorption and charge injection after surface attachment of PbS quantum dots on metal  
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



oxide surface. The photocurrent onset is at about -0.6 V vs. the Ag/AgCl/ KCl 
reference electrode potential in 1M Na2SO3 aqueous electrolyte (Figure 3.15). The 
steady-state photocurrent density under AM 1.5 illumination is 50 µAcm-2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.14. High resolution (a) SEM (b) AFM image of composite ZnO/SnO2 
electrode. 
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 Figure 3.15. Cyclic voltamogram of the PbS assembled nanocrystals on composite film 
of ZnO-SnO2 
 
 
 
 
3.3.  Synthesis of PbSe nanocrystals in olive oil 
The synthetic method used to prepare PbSe nanocrystals is described in experimental 
section.  
 The XRD of PbSe NCs prepared using olive oil showed the cubic phase (fcc 
rock salt or halite structure) with a characteristic peaks for (111), (200), (220), (311), 
(400) and (420) reflections can be clearly identified (Figure 3.16). Figure 16 (a) shows 
the XRD pattern of PbSe NCs prepared in olive oil with growth time 60 s. All peaks are 
very broad showing that size of as-prepared NCs is very small. The peaks along (111) 
and (200) have merged together due ultra-small size of these NCs. However, these 
peaks in other XRD patterns in Figure 3.16 (b-c) are well resolved. The diameter (ca. 
1.8, 2.1, 2.2 nm for sample C-1, C-2 and C-3) of these small PbSe NCs was calculated 
from Scherrer equation by measuring FWHM of peaks along (200), (220) and (311) 
planes in the XRD pattern. 
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Figure 3.16. XRD patterns of PbSe NCs prepared in olive oil at 50 °C  with growth time 
(a) C-1, 1 minute, (b) C-2, 2 minute and (c) C-3, 3 minute 
  
 
 
 The optical characterization of PbSe NCs was carried out by Vis/NIR 
spectroscopy. The bulk bandgap of PbSe is 0.27 eV absorbing at 4590 nm.87 The as-
prepared PbSe NCs absorb in the range of 560-620 nm in the visible region (Figure 
3.17). This shows  quantum size effect ca. as the size decrease absorption shifts to 
higher energy region of spectrum due to increase in band gap. The calculated ground 
state excitonic transition energies, from the first excitonic absorption peak in Figure 
3.17 are 2.2 eV, 2.1eV and 2.0 eV for PbSe NCs (growth time 1, 2 and 3 minutes) 
respectively. 
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Figure 3.17. Absorption spectra of PbSe NCs prepared in olive oil at 50 °C  
 
 
 
3.4.  Optical characterization of PbSe NCs 
 PbSe NCs prepared in olive oil at 50 °C  are ultra-small. In order to observe the 
effectct of annealing on the position of excitonic peak, we annealed one of PbSe NCs 
smaple (prepared with growth time 3 minutes) in tolune under nitrogen for 152 hours. 
Small fraction of toluene was taken after certain interval and absorption spectrum was 
noted. Figure 3.18 shows the absorptions spectrum. It is obvious from Figure 3.18 that 
shape of absorption maxima becomes broader indicating an increased in size 
distribution of NCs. After 152 hours shoulder in absorption spectrum disappeared 
completly (Figure 3.18). This can be attributed to increase in size distribution of PbSe 
NCs. 
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Figure 3.18. Absorption spectra of PbSe NCs prepared in olive oil at 50 °C ,growth time 
3 minutes taken after different interval of times (2-152 hours) 
 
 
 
 
 
 
 
 
 
   
 
 
 
Figure 3.19. Variation of excitonic transition energy (eV) versus time of annealing 
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Figure 3.20.TEM images of PbSe (a) before annealing (b) after annealing (152 hours) 
 
 
 Figure 3.19 shows the effect of annealing on the excitonic tnasition energy of 
PbSe NCs. In the beginning, PbSe NCs  have 1.99 ~ 2 eV excitonic transitation  
energy, which decreased on annealing under nitrogen after 102 hours. Under the 
influence of heat, ultra-small NCs fuse with each other making bigger NCs with lower 
facet energies. This fusion of NCs occurs due to higher intrinic facets energy. 
Moreover, the surface defects of NCs also disappear leading to more stable shape. 
TEM analysis of annealed and unannealed PbSe NCs is also performed. The shape of 
PbSe NCs in aneealed sample was nearly spherical, but annealed PbSe NCs have 
perfect spherical shape as shown in in Figure 3.20. 
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3.5. Photovoltaic properties of PbSe NCs  
 In order to study photovoltaic properties of as- synthesized PbSe nanocrystals 
(C-1) were assembled on composite electrode ZnO-SnO2 (D-1, D-2). The details of 
fabrication process of electrode and sensitization of PbSe nanocrystals is described in 
experimental section.  
  To study the ETA solar cell performance, the IPCE spectra were 
measured by illuminating the cell through the composite layer. The ZnO–SnO2 layer 
provides the route for electron transport and in principle will not contribute to light 
harvesting in the cell. The relatively low IPCE in the UV region (300–400 nm) may be 
partly due to the strong light absorption of the FTO layer. The incident photon to energy 
conversion efficiency (IPEC) of electrode (D1) was found ~7.3 % and ~8 % for D-1 
as shown in Figure 3.21. The IPCE of the ETA cell shows appreciable photon to 
electron conversion efficiencies in the visible region, with a maximum efficiency of 
~8% in the 500–600˚ C  nm range.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.21. Incident photon to energy conversion (IPEC) graph of (a) Composite 
electrode D-1 (b) composite electrode D-2 
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Figure 3.22. The characteristic I-V curves obtained using composite D-1electrode  
 
 
 
Figure 3.23. Open circuit voltage (Voc) and short circuit current (Jsc) produced from D-
1electrode  
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 In order to observe photovoltaic activity of cell, measurements were carried out 
under AM 1.5 simulated light of the cells as shown in Figure 3.22 in light and dark 
conditions. Current voltage (I-V) characterisation under AM 1.5 simulated light of the 
cells are shown in Figure 3.23. The cells displayed short circuit current density (Jsc) 
650 µAcm-2 and Voc 0.33, fill factor 0.33 and overall efficiency 0.07 %. However, cell 
made up of electrode (D-2) showed enhanced Jsc and Voc (Figure 3.24 and 3.25). The 
short circuit current density (Jsc) was 1379 µAcm-2 and 0.36 Voc. The calculated fill 
factor (FF) in this case was 0.33 and 0.17% overall efficiency. Electrode (D-2) was 
sensitized by ligand exchanged (ethanedithiol) PbSe nanocrystals and electrode (D-1) 
was sensitized by PbSe NCs by direct method on the surface (experimental section). 
The higher current density and efficiency of cell made of electrode (D-2) showed that 
ligand exchanged PbSe NCs efficiently attached themselves on the surface of electrode. 
Therefore, large IPEC values were observed. The direct sensitization method of PbSe 
NCs on the surface did not replace completely long chain insulating capping molecule 
which affects the Jsc and Voc as well. 
 
    
 
Figure 3.24. I-V curves of electrode D-2 under dark and light conditions 
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Figure 3.25. open circuit voltage (Voc) and short circuit current (Jsc) produced  
from electrode D-2 
 
 
 
Figure 3.26. Simplified illustration of the chemical reactions at ZnO-SnO2/ In2S3 /PbSe 
NCs / PEDOT:PSS interface, following photoexcitation from PbSe NCs 
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 Figure 3.26 shows the key interfacial charge transfer processes occurring at a 
typical metal oxide / PbSe / PEDOT: PSS (hole transporting material) interface. Optical 
excitation of the PbSe NCs results in generation of electron and holes (exciton) as 
depicted in step 1. The excited electron is then injected into the conduction band of 
sensitizer (step 2). Step 3 depicts the holes transport material.  Efficient operation of the 
ETA device requires a high yield of interfacial charge separation and the minimisation 
of recombination losses. Thus, bulk PbSe is not suitable to be used in such devices due 
to lower the thermodynamic driving force (∆G) for both the electron injection process 
at the metal oxide / PbSe NCs interface, and the regeneration process occurring at 
PSDOT:PSS interface.  
 The schematic energy diagram (Figure 3.26) proposed for the cell suggests that 
only quantized PbSe NCs are able to effectively inject electrons in to the conduction 
band of In2S3. Thus, PbSe NCs with ground state exciton energy 2.2 eV effectively 
injects electrons into the conduction band of In2S3 and showed highest photon to 
electron conversion efficiency of 7-8 %.  
 
3.6. PbSxSe1-x nanoalloys 
Lead chalcogenide PbE (E = S, Se, Te) nanocrystals (NCs) are narrow band gap 
semiconductor materials and have been of considerable recent interest.88 One of the 
driving factor has been the recently discovered phenomenon of multiple exciton 
generation (MEG)2, which may ultimately lead to more efficient solar energy 
conversion.89-90 
Recent efforts to synthesize binary lead chalcogenide nanostructures with well-
defined geometrical shapes (e.g., tubes, 91 rods, 92 and wires93) have opened up new 
possibilities for developing strategies for light harvesting. Sargent and co-workers have 
reported solution-processed infrared responsive photovoltaic (PV) devices based on 
PbS quantum dots and confirmed oxidation at the surface of the nanocrystals (NCs). 
Oxidation products such as PbSO4 and PbSO3 were shown to affect the open circuit 
voltage of the devices. Lead chalcogenide NCs also show great promise in the field of 
thermoelectric devices, 94 telecommunications95 and biological markers.96 
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There is little work reported on the preparation and properties of ternary lead sulfide 
selenide (PbSxSe1-x) NCs as compared to their binary counterparts (PbS and PbSe).97-98 
Alloyed semiconductor nanomaterials provide a wealth of opportunities for the 
controlled development of new materials which may lead to improved or new devices. 
For example, ternary alloy cells show more efficient PV devices through a combination 
of JSC and V˚C unavailable in either PbS or PbSe.99 The stoichiometric ratio of S to Se 
in the resulting NCs was found to be greater than the injected precursor ratio, due to the 
intrinsic reactivities ofTMS (bis(trimethylsilyl)sulfide) and TOPSe towards lead. It is 
expected that as TMS is more reactive, all the TMS will be consumed during the early 
stages of nucleation. Hence for more control it is important to find reagents for the 
controlled synthesis of ternary NCs with similar S and Se reactivities. Information 
about the internal structures of ternary NCs is also sparse and is important as both the 
structural and optical properties of nanometre-sized particles are significantly affected 
by their surface properties as a large proportion of atoms are located on or near the 
surface of the NC. Any deviation from the expected composition is likely to have 
significant influence on the electronic properties of ternary NCs.  
 
3.7 Synthesis of PbSxSe1-x nanoalloys 
PbSxSe1-x were prepared similar to the method reported for PbS.100 and is decribed in 
experimental section.  Powder XRD of the nanocrystals revealed a cubic structure of the 
ternary alloyed Nanocrystals at all compositions which fall between the values of PbS 
and PbSe (Figure 3.27). The small minimal lattice mismatch of 2% makes PbS and 
PbSe ideal candidate for forming a substitutional alloy. Table 2.2 shows composition 
versus PL peak position and transition energy. 
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Figure 3.27. XRD pattern of as-prepared alloyed NCs 
Table 3.2. PL and transition energy of first excitonic peaks and composition  
  of alloy NCs. 
Sample 
code 
TMS 
quantity 
(µL) 
TMSe 
quantity 
(µL) 
Composition 
(X)a 
in PbSxSe1-x 
PL peak 
position 
(nm) 
Transition 
energy 
1Se-1Sh / nm 
S-1 -------- 260   0 971 892 
S-2 54 260  0.20 1083 975 
S-3 108 260 0.33 1090 992 
S-4 162.75 260 0.43 1105 1024 
S-5 217 260 0.50 1175 1050 
S-6 217 130 0.67 1169 1100 
S-7 217 195 0.80 1188 1137 
S-8 217 -------- 1 1200 1159 
SeS
SX
+
=                                               TMS, (bis(trimethylsilyl)sulfide)    
                                                                TMSe (bis(trimethylsilyl)selenide) 
 
 
176 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.28. Selected TEM images of alloyed NCs of sample  (a) S-5, (b) S-7, (c) S-6 
and S-1. 
 
 
 
 TEM studies indicate the formation of monodispersed NCs The average size of 
these NCs is 5.8 nm. Figure 3.28 (a-d) shows TEM images of sample S-5, S-7, S-6 and 
S-3) respectively. In order to establish that the PbSxSe1-x NCs are alloyed, energy 
filtered TEM (EFTEM) analysis was carried out using a Tecnai F30 equipped with a 
Gatan imaging filter. Structural investigations by TEM studies on samples S-5 and S-6 
showed that the resulting NCs are truly alloyed with almost equal distribution of sulfur 
and selenium.  
 Figure 3.29 (a-c) shows a TEM image of the alloyed NCs (sample S-5) and the 
3.29 (b- c) indicates ZLP (zero loss peak) images of different resolution acquired to 
perform electron energy loss analysis. EDX spectra of single particles (sample S-5) as  
(a) (b)
(d)
20 nm 20 nm
20 nm
(c)
20 nm
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showed in the Figure 3.29(d) shows the presence of selenium and sulfur, however, due 
to the small size of the probe around 10 Å, the S- and Se-distributions within individual 
crystals could not be obtained. Moreover, both the sulphur and selenium EDX signals 
occur in the 2-3 keV region, and it is difficult to make a distinction between them 
(Figure 3.29(d)). Therefore energy-filtered imaging was employed. In order to eliminate 
effects due to variations in the thickness of the TEM specimens, rather than acquiring 
elemental maps, we recorded jump ratio maps, whereby the post-edge intensity of the 
respective edge was divided by the pre-edge intensity. The energy window for Se was 
chosen as 10 eV, centered around the Se-M–edge at 57 eV for the post-edge image, and 
from 30 to 40 eV for the pre-edge image. For S the energy window width was 30 eV, 
starting just after the S-L-edge at 165 eV for the post-edge image and from 120-160 eV 
for the pre-edge image (Figure 3.29a-c).The acquisition time for the energy filtered 
images was between 15 and 25 s.  
 
(a) (b) (c)
(d)
 
Figure 3.29. (a) TEM image of PbxSe1-x nanocrystals for sample S-5; (b) and (c) zero 
loss images of sulfur and selenium, respectively, and (d) EDX profile graph with inset 
of dark field image of alloyed NCs. 
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 Examples of jump ratio maps for Se and S, as well as of the zero-loss 
distribution in approximately the same areas are shown in Figure 3.30 (a-c). Due to 
slight specimen drift between images acquisitions the particles in the three images are 
not in identical positions. The following analysis has been adjusted for this: the location 
of crossing of lines in each image denotes the centre of the same particle. The NCs 
assume positions on a near-hexagonal ‘lattice’. The false-colour EFTEM images in 
Figure 3.30 (a) and (b) gives a first impression of homogeneous elemental distributions, 
however, closer analysis is required.  
 
 
Figure 3.30. (a) a) Se and b) S jump ratio map (for details see text); c) zero loss image. 
White lines (i-iii) ( and (iv-vi) in (a) and (b) denote positions of two groups of line 
scans along two particle rows in oriented in different directions. The white cross in (c) 
and the position of crossing lines in (a) and (b) denote the same particle, d) intensity 
profiles of the Se (red) and S (green) jump ratio along scan lines (i-vi); the arrows point 
to positions, where the shapes of the Se and S profiles deviate from each other 
 
 
 We carried out detailed analysis to ascertain the composition of various NCs. 
The dashed white lines with numbers (i-iii) and (iv-vi) in Figure 3.30 (a) and (b) are the  
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positions where intensity profiles were taken. Three parallel, closely spaced line scans 
were taken along a row of particles; this was done for rows along two different 
directions. Scan directions are from left to right. Closely-spaced intensity profiles along 
the centres of particles and at a ~1 nm distance on either side of centres were attained to 
reveal information about the homogeneity of the group VI element within individual 
particles. Line scans (i-iii) are displayed in the left hand and iv-vi in the right hand 
panel in Figure 3.30 (d). The red and green lines refer to Se and S, respectively.  In spite 
of the noise in the signal it is revealed that Se and S distributions follow the same 
trends, that is, the distributions assume similar shapes for each particle; as is to be 
expected for a homogeneous alloy. The actual shape of the each particle like for 
example faceting does not appear to be of importance to the homogeneity. In the case of 
core-shell segregation a ‘top-hat’ distribution would be expected for the shell-element 
and a centre-peak distribution for the core-element. The top hat distribution would 
become broader and the centre-peak distribution narrower as the scan line proceeds 
more along the peripheries of the particles, i.e., in scans i, iii, iv and iv (Figure 3.30). 
 However this is not generally observed. Arrows in the line scans point to 
positions, where Se and S intensities might be seen as deviating from each other, 
although the noise level of the scans prohibits a clear decision on this. If the NCs had a 
well developed core-shell structure, deviations would be expected in all three profiles in 
the same positions; which is not the case. Hence we conclude that in a number of the 
NCs a mild degree of segregation of some kind might occur, with S tending to 
accumulate off centre, but that there is no development of a clear core-shell structure. 
More than 50% of the particles appear homogeneously alloy. 
Two samples S-5 and S-6 were investigated by XPS. It has previously been discovered 
that the presence of the long insulating oleic acid alkyl chain causes samples to charge 
in XPS experiments.100 Therefore; resulting NCs were ligand exchanged with butyl 
amine and deposited on an ITO coated glass substrate. High resolution spectra of the 
Pb 4f, S 2p and Se 3p core levels are shown in (Figure. 3.31-3.34), and peak 
assignments and positions are listed in table 3.3.  
 A Shirley type background was subtracted and Gaussian/Lorentzian sum 
functions used to fit the line shapes. The spin-orbit splitting of the doublets was set as 
4.9 eV for the Pb 4f peaks, 1.2 eV for the S 2p peaks and 5.8 eV for the Se 3p peaks. 
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The intensity ratio was set as 4:3 for the Pb 4f doublets and 2:1 for the S 2p and Se 3p 
doublets. The photon energy used was 250 eV, so the kinetic energy of electrons 
detected corresponds to a sampling depth of ~1.7 nm.101 Using the areas of the Pb 4f, S 
2p and Se 3p core level spectra and the photoionisation cross sections102 it was found 
that the sample S-5 had a Se:S ratio of 0.49:1, Whilst sample S-6 had a Se:S ratio of 
0.86:1. 
 
 
Figure 3.31. Core level spectra with component fits for the nanoparticle (sample S-5). 
(a) X-ray photoemission spectrum of lead 4f core levels. Doublet Pb1 (black dots), 
doublet Pb2 (black dashes), doublet Pb3 (grey dots). 
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Figure 3.32 Core level spectra with component fits for the nanoparticle (sample S-5) (b) 
X-Ray photoemission spectrum of sulfur 2p and selenium 3p core levels. Doublet Se1 
(grey line), doublet S1 (black dots), doublet S2 (black dashes), doublet S3 (grey dots), 
doublet S4 (grey dashes). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.33. Core level spectra with component fits for sample (Sample S-6). (a) X-ray 
photoemission spectrum of lead 4f core levels. Doublet Pb1 (black dots), doublet Pb2 
(black dashes), and doublet Pb4 (grey dots). 
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Figure 3.34 Core level spectra with component fits for sample (Sample S-6). (b) X-Ray 
photoemission spectrum of sulfur 2p and selenium 3p core levels. Doublet Se1 (grey 
line), doublet S1 (black dots), doublet S3 (grey dots), doublet S4 (grey dashes), doublet 
S5 (black long dashes), S6 (black dashes). Peak assignments are given in Table 3.3. 
 
 
 Using the areas of the Pb 4f, S 2p and Se 3p core level spectra and the 
photoionisation cross sections102 it was found that for both samples the ratios of Se:S 
were very close to those expected values: Both samples appeared to have only one state 
of Se present, with a binding energy consistent with assignment to PbSe, but multiple 
states of S including neutral, and strongly oxidised species. In both samples S as found 
in PbS made up ~ 28% of the S present, and S as found in oxidised PbS made up around 
50 %. The remaining S component varied between samples. The sample S-5 contained 
some neutral sulfur, whereas in the sample S-6 only PbS and oxidized sulfur 
components were found. The Pb 4f spectra also show a similar103 large proportion of 
oxidised species. It is impossible to distinguish between the Pb as found in PbS and as 
found in PbSe because the peak positions are so similar, but in both samples 
approximately half the Pb is present as either PbS or PbSe. The oxidised species present 
in the sample are due to exposure of the surfaces of the NCs to the air after synthesis, an 
effect which has been previously observed in PbS NCs.100  
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Table 3.3. Peak assignments and details for samples S-5 and S-6. 
 
 
The binding energy of the edge of the valence band is equivalent to the gap between the 
Fermi level and the valence band of a substance. This value was measured as 1.0 ±0.2 
eV for the S-5 sample and 0.8 ±0.2 eV for the S-6 sample. 
 
 Core Level Pb 4f Se 3p S 2p 
Sample  
S-5 
Proportional 
Composition 19 0.49 1 
Species 
 
Label and 
position (eV) 
 
Percentage 
composition of 
core level. 
PbS and PbSe 
Pb1  138.6 and 
143.5 
51% 
PbSe 
Se1  162.3 
and 168.1 
100% 
PbS 
S1  161.2 and 
162.4 
27% 
oxidised PbS 
Pb2  139.6 and 
144.4 
Pb3  142.0 and 
147.9 
49% 
 
oxidised PbS 
S3  167.0 and 
168.2 
S4  168.7 and 
169.9 
52% 
  
neutral S 
S2  163.6 and 
164.8 
21% 
Sample 
S-6 
Proportional 
Composition 3.3 0.86 1 
Species 
 
Label and 
position (eV) 
 
Percentage of 
core level area 
PbS and PbSe 
Pb1  138.0 and 
142.9 
45% 
PbSe 
Se1   162.1 
and 167.9 
100% 
PbS 
S1  161.2 and 
162.4 
29% 
oxidised PbS 
Pb2  139.0 and 
143.9 
38% 
 
oxidised PbS 
S3  166.9 and 
168.1 
S4  168.6 and 
169.8 
S5  169.4 and 
170.6 
S6  172.9 and 
174.1 
71% 
neutral Pb 
Pb4  137.0 and 
141.9 
17 % 
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 In both samples the Fermi level is closer to the conduction band than the valence band, 
so both samples are n-type semiconductors. 
 In order to better understand the internal structure of the alloy we have 
investigated the influence of the composition of PbSxSe1-x NCs on their optical 
properties. Absorbance and photoluminescence (PL) have been measured and the 
spectra for the samples in which the sulfur content was changed in the range from x = 0 
to 1 were obtained (Figure 3.35). All absorption spectra can be characterized by a well-
resolved absorption band related to the first excitonic transition within the NCs 
overlapped with long tail of scattered light.104 An increase in sulfur content in the NCs 
caused significant red shifts of these absorption bands. The absorption band positions 
for PbSe and PbS samples were 1.39 and 1.07 eV, respectively, which agree with 
literature data 105 for NCs of ~5 nm. The findings suggest that the size of NCs is kept 
constant throughout the synthesis. Moreover, estimated in this way the NCs radii are in 
agreement with our structural data, thus the composition related to the S/Se ratio is the 
main factor influencing the changes in optical properties of our NCs. 
 The same behavior has also been observed in the PL spectra, where emission 
bands also move to longer wavelengths with an increase in sulfur content (Figure 3.35). 
The full width at half maximum (FWHM) calculated for PbSe and PbS NCs are very 
similar and equal to 143 and 174 meV, respectively. These values are comparable to the 
results presented in other reports.106 For alloy samples spectral broadening is higher and 
the FWHM reaches a maximal value of 235 meV for x = ~ 0.5. This broadening could 
be strictly ascribed to the distortion in crystal structures associated with alloy formation. 
However, the FWHM increase is only about 25-45 %, thus a homogeneous distribution 
of the additional component in ternary alloy, rather than phase separation into binary 
PbS and PbSe clusters, is expected in the internal structure of our NCs. 
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Figure 3.35. Absorbance (blue) of PbSxSe1-x measured at 300K for x in the range 
0 – 1. The first excitonic absorption transition is fitted by a Gaussian function and 
shaded for clarity. PL spectra (red) measured at room temperature, excited beam 
λ= 514 nm). 
 
 
 
 Figure 3.36 shows both the PL peak positions and energy gaps obtained from 
absorbance measurements as a function of NC composition. The values of Eg have been 
determined from the absorption spectra by calculating their second derivatives and 
taking the position of its first minimum. In Figure 3.36 it can be seen that Eg and the PL 
peak position of the alloyed samples varies continuously and smoothly in the range  
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between Eg of PbSe and PbS NCs. This is further evidence for a “true” alloying for 
PbSxSe1-x in the NCs. 
 
 The differences between absorption and emission spectra (Stokes shifts -∆SS) 
have been compared for all samples to gain a better insight into their physical 
properties. Different contributions to the Stokes shift in NCs have been discussed in the 
literature: size distribution effects (exciton migration),107 electron-hole interactions 
(excitonic fine structure),108 the Franck-Condon shift 109 (in weak and strong electron-
phonon coupling regimes) or finally the existence of “surface traps” with energies in the 
middle of the optical gap of idealized NCs.  
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Figure 3.36. Relation of energy gap (empty triangles) and PL peak position (filled  
circle) determined from absorbance and PL spectra to the PbSxSe1-x NCs composition. 
Inset shows calculated Stokes shift. 
 
 
 We excluded exciton migration effects by investigation of samples at low 
concentration.  It has been also shown that the Franck-Condon shift in this kind of 
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material is equal to ~15 meV which is much smaller than in our case. 108 Moreover, it 
has been shown that the contribution to the Stokes shift from electron-hole interaction is 
even lower, of order of few meV.109 Thus, all these contributions can be excluded from 
our considerations. On the other hand, it has already been shown that near-edge energy 
spectrum of 3 nm PbSe NCs is composed of many energy levels characterized by 
different oscillation strengths.110 Thus, the contribution of particular energy levels to 
absorption and emission spectra can be different giving rise to observed Stokes shift. It 
is proposed that the described mechanism is responsible for ∆SS =115 meV observed for 
our PbSe samples,which is in good agreement with the Stokes shift measured by 
Lifshitz et al. (∆SS =100 meV for 4 nm PbSe NCs).107 
 The influence of the PbSxSe1-x composition on the nonresonant Stokes shift is 
presented in the inset of Figure 3.36 and the obtained values of 115 meV and 27 meV at 
the extreme are a characteristic for pure PbSe and PbS NCs, respectively. Sigmoidal 
Boltzmann functions have been used to well-fit S-shaped variation of ∆SS values of the 
alloyed NCs. 
 A detailed present investigation of the compositional effects on the optical 
properties of NCs, a modified Vegard’s model has been used. This law was initially 
proposed to describe the linear relation of the properties of many alloy materials, 
especially variations in lattice constants but by analogy the energy gap of a 
semiconductor alloy as a function of composition. However, in some classes of 
semiconductor materials it is only a first approximation and a modified equation (eq.1) 
taking into account nonlinear effects, called optical bowing, is necessary: 
 
                             EgC(x) = x EgA + (1-x) EgB - b x(1-x)    (Eq.1) 
 
 In Eq. 1 EgA and EgB are the intrinsic energy gap of initial binary semiconductors 
and EgC is the energy gap of the alloy material (C = xA + (1-x)B ). The nonlinear 
property variation is described by parameter b (babs for absorption edge, bPL for PL 
peak) and its value depends on electronic and structural parameters: various 
electronegativities and atomic radii of the used ions, and also the different lattice 
constants of the A and B binary structures.111 Since S and Se atoms possess similar 
atomic radii (1.00 and 1.19 Å) and electronegativity (2.58 and 2.55) and in addition, the 
crystal mismatch of PbS and PbSe is small (~2 %) the nonlinearity is not expected to be 
particularly significant in this case. It should be mentioned that optical bowing could be  
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additionally influenced by quantum confinement and changes of NCs size. Based on the 
fit of Eq. 1 to Eg of NCs of various compositions presented in Figure 3.36 the value of 
bowing parameter, (to the best of our knowledge, determined for the first time) was  babs 
= 0.190+0.045 eV for PbSxSe1-x alloy NCs. As expected, it is much smaller than 0.904 
eV for CdSeTe112 and 2 eV for GaAs113, and the relationship between Eg and x becomes 
almost linear. The bowing parameter for PL peak position was also calculated and 
equals bPL = 0.287+0.064 eV. This bPL gives the possibility to design NCs with desired 
size and tunable emission wavelength by changing NCs composition. 
 
 
Figure 3.37. PL decay spectra of PbSxSe1-x nanocrystals. The inset shows an average PL 
lifetime (τavg - circles) and disordering parameter (β - triangles) as a function of S 
content (the samples which do not follow Vegard’s law are marked by empty circles 
and triangles). 
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To investigate the influence of PbSxSe1-x stoichiometry on excited carriers kinetics the 
photoluminescence lifetime measurements have been performed and the results 
obtained are shown in Figure 3.37. The obtained PL decays have been fitted by a 
stretched exponential function defined as 
( ) ( ) ( ) ( )( )βββ trtrrItI PL ⋅−⋅⋅⋅⋅= − exp10  
where β∈(0:1) describe the distribution of r which is the PL decay rate. The 
investigated systems are characterized by two parameters, 




Γ
⋅
= ββτ
11
r
avg - the 
average PL decay time and β which is close to 1 for well defined structures (possessing 
one characteristic recombination pathway) and approaches 0 for disordered materials, 
where recombination from many different energy states is present. The parameters 
obtained for our NCs are summarized in the inset of Figure 3.35. The high homogeneity 
of our NCs is reflected in β  parameter, which is above 0.90 for most of the samples 
(marked by the dashed blue line) In these samples avgτ changes from 3.04 µs (defined 
for PbSe NCs) down to 1.2 µs (defined for PbS NCs) and follows a modified Vegard’s 
Law. Obtained photoluminescence lifetimes are in well agreement with the literature 
data.114 However, for few samples β  parameter is slightly lower and reaches 0.7 for the 
strongest distorted sample (x = 0.5, S-5). For these samples the avgτ  deviate from 
Vegard’s Law showing disordering of the system. However, even for the sample S-5 
the distribution of one avgτ  is present instead of two different avgτ , which would be the 
case when two separated phases are present. This is a final proof that investigated 
samples are homogeniously alloyed PbSxSe1-x NCs.  
 
 
3.8.  Synthesis of alloy type of PbTe/PbSe/PbS
 
NCs 
PbTe/PbSe/PbS NCs were prepared using trioctylphoshine oxide (TOPO) and 
trioctylphosphine (TOP) as described in experimental section. The XRD pattern of 
PbTe/PbSe/PbS
 
NCs
 
is shown in Figure 3.38. The difference in lattice mismatch of PbS, 
PbSe and PbTe is very small (less than 2%), so it is difficult to determine crystalline 
phase of as-prepared NCs. Nevertheless, peaks fall in between those of PbS, PbSe and 
PbTe standard peaks, showing the presence of all three phases in NCs. 
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.  
Figure 3.38. Typical XRD pattern of PbTe/Se/S nanocrystals, Green lines corresponds 
to PbSe 0.5S0.5 (ICDD: 04-001-5751), pink to PbTe 0.82Se0.18 (ICDD: 04-008-3821) 
and some peaks are unassigned represented by blue lines 
 
 
 
Figure 3.39. TEM images of quaternary alloy type PbTe/PbSe/PbS NCs prepared TOP 
at 130 °C 
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The shape of PbTe/Se/S/
 
NCs was studied by TEM. The predominant shape of 
these nanocrystals is cubic as shown in Figure 3.39. The average size of these  NCs 
estimated from TEM images is 24 nm.   
 
 
3.9. XPS analysis of alloy type PbTe/PbSe/PbS
 
NCs 
 The XPS spectra showed the presence of Pb, Te, Se and S as expected. In 
addition, phosphorus was also found, which was attributed to the capping ligands 
(TOP). All spectra shown have been corrected for number of scans, I0, and 
photoemission cross section (except for S 2p and Se 3p component fit spectra in Figure 
3.40 sampling depths quoted as 3 times the inelastic mean free path  where 95 % of the 
signal originates from this region. Photon energies carefully chosen so that kinetic 
energy of electrons detected correspond to sampling depths of 1.8, 2.1, 2.4, 3.0, 4.8, and 
5.9 nm.  
 XPS results indicate that at all sampling depths there is at least twice as much 
Te as [S+Se] present. Morover, it was found that there is much higher ratio of 
Te:[Se+S] on the surface than in the centre of the nanoparticle (approximately 9:1 near 
the surface, 2:1 near the centre). This would perhaps be expected because Te is so much 
larger than Se and S and so will fit better into the lattice at the surface where there are 
fewer constraints. Figures 3.40, 3.41 and 3.42 show core level spectra of Pb 4f , S 2p 
and Se 3p and Te 4d spectra respectively in which there is some oxidised PbX (where X 
is Te, Se or S) is present as comapre to neutral Pb on surface than in the centre. Te 4d 
spectra shows that there is slightly more oxidised PbTe, more neutral Te, and less PbTe, 
on surface than in the centre. Similarly, there is approximatly equal amounts of S and 
Se present throughtout in these quaternary NCs.  
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 Figure 3.40. Core level spectra with component fits at various sampling depths.  
 Pb 4f; Pb (green), PbS (blue), PbXOn (purple, X is S, Se or Te) (alloy type 
 PbTe/PbSe/PbS
 
NCs) 
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Figure 3.41. Core level spectra with component fits at various sampling depths.: S 2p 
and Se 3p; PbSe (red), Se (orange), PbS (green), S (blue), PbSOn (purple) – not 
corrected for photoemission cross sections which is why Se peaks looks smaller than S 
peaks. (alloy type PbTe/PbSe/PbS
 
NCs) 
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Figure 3.42. Core level spectra with component fits at various sampling depths. Te 4d; 
PbTe (red), Te (green), PbTeOn (blue) . (alloy type  PbTe/PbSe/PbS NCs) 
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Figure 3.43. Relative intensities of core level peaks at various sampling depths. Te 4d 
(green), P 2p(black) from TOP capping group, Pb 4f (purple), S 2p (orange), Se 3p 
(red). (alloy type PbTe/PbSe/PbS
 
NCs) 
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Figure 3.43. shows that relative ratio of Te, Se and S at all depths (1.8-5.9 nm). The 
quantitative estimation of these elements (Te, Se, S) is shown in table 3.4. The relative 
ratio of Sulfur at the depth of 1.8 nm is 0.09 compare to 0.06 of Se and 1.31 of Te. The 
ratio of sulfur increases to 0.2 at the depth of 4.8 nm. On the other hand, selenium 
follows a different surface distribution profile. Unlike Sulphur the highest ratio of 
selenium was found to be 0.72 at the depth of 2.1 nm and as we go further down at 5.9 
nm depth the distribution ratio decrease to 0.02. Figure 3.44 shows ratio of Te relative 
to [S+Se] as function of sample depth while inset shows realtive ratio of S + Se [Te] as 
function of sample depth in PbTe/PbSe/PbS
 
NCs. Table 3.4 shows relative distribution 
of various elements in PbTe/PbSe/PbS 
 
NCs. 
 
 
 
Table 3.4.  Relative ratio of, S, Se, Te and P relative to Pb in alloy type  
  PbTe/PbSe/PbS
 
NCs 
 
 
 
 
 
 
Sample depth 
(nm) 
lead sulphur selenium tellurium phosphorus 
1.8 1 0.09 0.06 1.31 6.01 
2.1 1 0.33 0.72 10.37 5.10 
2.4 1 0.15 0.16 6.96 4.86 
3.0 1 0.08 0.08 0.47 2.15 
4.8 1 0.20 0.02 0.51 1.17 
5.9 1 x x 0.64 1.25 
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Figure 3.44. Ratio of Te relative to [S+Se] as function of sample depth ( shown by 
triangle sign). Inset showing realtive ratio of S + Se [Te] as function of sample depth in 
PbTe/PbSe/PbS
 
NCs. 
 
 
In order to investigate photoelectrochemical properties of prepared PbTe/S/Se 
nanocrystals, they were assembled on ZnO-InS electrode and photovoltiac 
properties were measured. The results showed that as-prepared PbTe/Se/S NCs are 
photoelectrochemically active. The steady-state photocurrent density under AM1.5 
illumination was 280 µA cm−2 as shown in Figure (3.45-3.46). The short circuit 
current (Jsc) and fill factor measured were 483 µA cm−2 and 0.32 respectively. 
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Figure 3.45. Short circuit current (Jsc) and voltage produced by device fabricated 
using PbTe/Se/S
 
NCs
 
as sensitizer 
 
 
                     
 
Figure 3.46. Current-voltage characteristic curves under dark and light conditions by 
device fabricated using PbTe/PbSe/PbS
 
NCs
 
as sensitizer 
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3.10. Synthesis of quaternary core/shell/shell type lead chalcogenide 
 nanocrystals 
The XRD pattern of quaternary core/shell/shell type lead chalcogenide NCs is shown in 
Figure 3.47. All peaks corresponds to cubic phase, however the exact pattern is difficult 
to ascertain due to small lattice mismatch (2%) between PbS, PbSe and PbTe.   
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.47. Typical XRD pattern of quaternary core/shell/shell type PbTe/Se/S 
nanocrystals, PbSe 0.5S0.5 (ICDD: 04-001-5751), PbTe 0.82Se0.18 (ICDD: 04-008-
3821) 
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Figure 3.48.TEM images of quaternary core/shell/shell type PbTe/Se/S NCs prepared 
TOP at 130 °C 
 
 
Figure 3.48 shows HRTEM images of quaternary core/shell/shell type PbTe/Se/S 
Nanocrystals. The shape of these NCs is nearly close to spherical with average diameter 
10 nm.   
 
 
3.11. X-ray photoelectron spectroscopy (XPS) of quaternary core/shell/shell   
 type lead chalcogenide nanocrystals 
 The chemical composition of core shell type nanocrystals was investigated by 
XPS. Specific Photon energies were selected so that kinetic energy of electrons detected 
corresponds to sampling depths of 1.8, 2.1, 2.4, 3.0, 4.8, and 5.9 nm. It was found that 
there is excess of Te as compare to [S+Se]. Surface depth profile of NCs showed that 
higher ratio of Te:[Se+S] on the surface than in the centre of the nanoparticle 
(approximately 34:1 near the  surface, 2:1 near the centre). Core level spectra (Figure 
3.49, 3.50, 3.51 ) showed that there is substantial oxidation products (PbXO3, X= 
S,Se,Te) near the surface, but less so in the centre. From the S 2p and Se 3p spectra 
there is  no obvious trends with depth. Similarly, Te 4d spectra showed slightly more 
oxidised PbTe, on surface than in the centre. Table 3.5. shows comparative 
compositional analysis of core-type lead chalcogenide nanocrystals in various depth.  
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Figure 3.49. Core level spectra with component fits at various sampling depths.  
 Pb 4f; PbS (blue), PbXOn (purple and pink, X is S, Se or Te), Si on from substrate 
(green) of quaternary core/shell/shell type PbTe/Se/S NCs 
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Figure 3.50. Core level spectra with component fits at various sampling depths.  
S 2p and Se 3p; PbSe (red), Se (orange), PbS (green), S (blue), PbSOn (purple) – not 
corrected for photoemission cross sections which is why Se peaks looks smaller than S 
peaks. (Quaternary core/shell/shell type PbTe/Se/S NCs) 
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Figure 3.51. Core level spectra with component fits at various sampling depths.  
Te 4d; PbTe (red), PbTeOn (green&blue), Pb auger peak (purple) of quaternary 
core/shell/shell type PbTe/Se/S NCs 
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Table 3.5 Proportions of total quantities of elements relative to Pb of   
  quaternary core/shell/shell type PbTe/Se/S NCs 
 
Sample 
depth (nm) 
lead sulphur selenium tellurium 
1.8 1 0.12 0.19 10.4 
2.1 1 0.65 1.03 25.6 
2.4 1 0.21 0.27 31.0 
3.0 1 0.21 0.36 1.60 
4.8 1 0.72 0.18 1.37 
5.9 1 ------ --------- 1.72 
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3.12. Conclusion:  
In summary, a facile route is reported for the preparation of monodispersed binary 
(PbS, PbSe) ternary (PbSxSe1-x) and quaternary alloyed NCs. All prepared nanocrystals 
were characterized by, high resolution transmission (HRTEM), XRD and X-ray 
photoelectron spectroscopy (XPS). 
 Although TOP/TOPO are considered suitable capping agent for synthesis of 
monodisperse nanocrystals, however, we have shown olive oil is also an excellent 
solvent for synthesis of nanocrystals. By controlling reaction conditions, well-defined 
nanocrystals of PbS and PbSe having band gaps between 1.36 eV- 2.1 eV can be 
prepared. Similarly, through combination of TMS and TMSe in controlled manner, the 
composition of ternary lead chalcogenide NCs can be easily controlled. Homogenous 
distribution of sulfur and selenium within alloyed NCs is shown by EF-TEM studies. 
Optical investigation further supports the formation of alloyed NCs rather than 
core/shell structures. In addition, the variations of absorption and emission energies are 
well fitted with Vegard’s equation and the bowling parameter is determined to be equal 
abs = 0.190+0.045 eV. The same equation was suitable to fit also PL lifetimes, since 
for alloyed NCs we are able to control energy gaps and PL dynamic by changing the 
NCs composition and keep the size of NCs constant. Photovoltaic measurements have 
shown that as-prepared PbS, PbSe and alloyed nanocrystals are photochemical active.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
206 
 
3.13. References  
 
1. J. F. Ang, Y. D Wang, Z. W. Cui, F. Wang, Z. W Miao, R. Y. Chen, 
Heteroatom Chem. 2008, 19, 596. 
2. Q. Y. Zhang, B. K. Liu, W. Q .Chen, Q. Wu, X. F. Lin, Green Chem. 2008, 
10, 972. 
3. J. Xie, X. S. Zheng, A. Q. Dong, Z. D. Xiao, J. H. Zhang, Green Chem. 2009, 
11, 355. 
4. T. Ueda, H. Kotsuki, Heterocycles, 2008, 76, 73. 
5. M. Adib, M. Mahdavi, M. A. Noghani, P. Mirzaei, Tetrahed. Lett. 2007, 
48, 7263. 
6. P. Raveendran, J. Fu, S. L. Wallen, J. Am. Chem. Soc. 2003, 125, 13940. 
7. K. Roy, S. Lahiri, Green Chem. 2006, 8, 1063. 
8. S. Sapra, A. L. Rogach, J. Feldmann, J. Mat. Chem. 2006, 16, 3391. 
9. W. Yang, Y. Ma, J. Tang, X. R Yang, Colloids and Surf. A- Phys. Chem. & 
Eng. Aspects 2007, 302,  633. 
10.  S. Y. Gao, Y. G.Shi, S. X. Zhang, K.Jiang, S. X. Yang, Z. D. Li, E. 
Takayama-Muromachi, J.Phys. Chem. C 2008, 112, 10398. 
11. P. T. Anastas, J. C. Warner, Green Chemistry: Theory and Practice, Oxford
 
University Press: New York, 1998, 30. 
12. P. T. Anastas, M. A Kirchhoff,. Acc. Chem. Res. 2002, 35, 686. 
13. P. T. Anastas, T. C. Williamson, Green chemistry: Frontiers in Benign 
Chemical Syntheses and Processes, Oxford University Press: New York, 1998, 
11. 
14. W. Leitner, Appl. Organomet. Chem. 2000, 14, 809. 
15. M. G. Hitzler, M. Poliakoff, Chem. Commun. 1997, 1667. 
16. G. W. Breton, C. A. Hughey, J. Chem. Edu. 1998, 75, 85. 
17. S. Borman, Chem. Eng. News, 2001, 79, 5. 
18. Z. Y. J. Zou, K. Sayama, H. Arakawa, Nature 2001, 414, 625. 
19. G. Kumar, J. F.Bristow, P. J. Smith, G. F. Payne, Polymer 2000, 41, 2157. 
20. A. D. Jennifer, L. S. Bettye, and E. H. James, Chem. Rev. 2007, 107, 2228. 
21. L. C. McKenzie, J. E. Hutchison, Chim. Oggi. 2004, 22, 30. 
22. L. Banyai, Y. Z.Hu, M. Lindberg, S. W. Koch, Phys. Rev. B 1988, 38, 8142. 
207 
 
23. L. Cademartiri, E.Montanari, G. Calestani, A. Migliori,; A. Guagliardi, G. A. 
Ozin, J. Am. Chem. Soc. 2006, 128, 10337. 
24. W. W. Scanlon, J. Phys. Chem. Solids 1959, 8, 423. 
25. G. I. Koleilat, L. Levina, H. Shukla, S. H. Myrskog, S. Hinds, A. G. 
Pattantyus, E. H. Sargent, Acs Nano, 2008, 2, 833. 
26. B. R Saunders, M. L. Turner, Adv. Collid. Intface. Sci. 2008, 138, 1. 
27. R. J. Ellingson, M. C. Beard, J. C. Johnson, P. R.Yu, O. I. Micic, A. J. Nozik, 
A. Shabaev, A. L. Efros, Nano Lett. 2005, 5, 865. 
28. I. K. Victor, Annu. Rev. Phys. Chem. 2007. 58, 635. 
29. K. Sabine, H. W. Jugen, W. Thomas, J. Q. Hans, Appl. Phys. Lett. 1993, 63, 17. 
30. D. S. Gregory, R. Garry, Nat .Mat. 2006, 5, 683. 
31. G. Allan, C. Delerue, Phys .Rev. B 2008, 77, 125340. 
32. K. Anusorn, T. Kevin, T. Kensuke, K. Masaru, V. K. Prashant; J. Am. Chem. 
Soc. 2008, 130, 4007. 
33. G. Hodes, Isr. J. Chem. 1993, 33, 95. 
34. G. Sasha, H.Gary, J. Phys. Chem. 1994, 98, 5338. 
35. A. J. Nozik, Physica E-Low-Dimensional Systems & Nanostructures 2002, 14, 
115. 
36. Z. L. Wang, J. Phys. Chem. 2000, 104, 1153. 
37. K. Sandeep, D. S. Gregory, Microchim. Acta 2008, 160, 315. 
38. L. Jincheng, Y. Huangzhong, W. Zhonglian, W. Wenli, P. Junbiao, C.
 Yong,  Nanotech. 2008, 19, 345602. 
39. T. Trindade, P. O Brien, Z. Xiao-mei,M. Majid, J. Mater. Chem., 1997, 7, 1011. 
40. G. J. Zhou, M. K. Lu, Z. L.Xiu, S. F. Wang, H. P.Zhang, Y. Y. Zhou, S. M. 
Wang, J. Phys..Chem.B 2006, 110, 6543. 
41. B. Deborah, G. Kuveshni, S.B. David, A. Martin , H. P. Douglas , P. 
 O'Brien,Chem. Commun., 2006, 4709.  
42. J. Yang, H. I. Elim, Q. B. Zhang, J. Y. Lee, W. Ji, J. Am. Chem. Soc. 2006, 
128,11921. 
43. J. H. Xiang, H. Q. Cao, Q. Z. Wu, S. C. Zhang, X. R.Zhang, Cryst. Growth. 
Desp. 2008, 8, 3935. 
44. B. Ding, M. M. Shi, F. Chen, R. J. Zhou, M. Deng, M. Wang, H. Z.Chen, J. 
Cryst. Growth. 2009, 311, 1533. 
208 
 
45. H. Sean, M. Stefan, L. Larissa, K. Ghada, Y. Jun, O. K. Shana, E. H. Sargent, J. 
Am. Chem. Soc. 2007, 129, 7218. 
46. J. Aldana, Y. A.Wang, X. G. Peng, J. Am. Chem. Soc. 2001, 123, 8844. 
47. A. L. P. Cornacchio, N. D. Jones, J. Mat. Chem. 2006, 16, 1171. 
48. A. M. Derfus, W. C. W Chan, S. N. Bhatia, Nano Lett. 2004, 4, 11. 
49. R. Hardman, Environmental Health Perspective 2006, 114, 165. 
50. A. Hoshino, K.Fujioka, T. Oku M. Suga, Y. F. Sasaki, T. Ohta, M.Yasuhara, K 
.Suzuki, K. Yamamoto, Nano Lett. 2004, 4, 2163. 
51. A.M. Smith, H. Duan, A.M. Mohs and S. Nie, Adv. Drug Delivery Rev.2008, 
60, 1226. 
52. A. Anas, H. Akita, H. Harashima, T. Itoh, M. Ishikawa, V. Biju, J. Phys. 
Chem. B 2008, 112, 10005. 
53. Y. Jiang, Y. J. Zhu, Chem.Lett. 2004, 33, 1390. 
54. K. S. Kim, S. Choi, J. H. Cha, S. H. Yeon, H. Lee, J. Mater.Chem. 2006, 16, 
1315. 
55. N. O. Nunez, M. Cana, Nanotech. 2007, 18, 45. 
56. E. K. Goharshadi, Y. Ding, P. Nancarrow, J. Phys. Chem. Solids 2008, 69, 
2057. 
57. J. Garcia-Serrano, U. Pal, A. M. Herrera, P.Salas, C. Angeles-Chavez, Chem. 
Mater. 2008, 20, 5146. 
58. M. Behboudnia, A. Habibi-Yangjeh, Y. Jafari-Tarzanag,, A. Khodayari, Bullet. 
Korean Chem. Soc. 2009, 30, 53. 
59. A. Yosra, J. Antonio, J. G. José, U. Marino, B. Gabriel, J. Agric. Food Chem. 
2007, 55, 9646. 
60. A. Bianco, A Ramunno, Atta-ur-Rahman Ed., Studies. Nat. Products Chem. 
2006, 33, 859. 
61. B. Armandodoriano, M. S. Anna, M.Cristiana, Arkivoc,2007, 7, 146. 
62. M. J. Amiot, A. Fleuriet, J. J. Macheix, Photo Chem. 1989, 28, 67. 
63. Y. Asaka, T. Kamikawa, T. Kubota, T. Sakamoto, Chem. Lett. 1972,1, 141. 
64. P. Gariboldi, G. Jommi, L.Verotta, PhytoChem. 1986, 25, 865. 
65. H. Kuwajima, T. Uemura, K. Takaishi, K. Inoue, H. Inouye, Phyto Chem. 1988, 
27, 1757. 
66. A. Bianco, S. R. Lo, M. L. Scarpati, Phyto Chem. 1993, 32, 455. 
209 
 
67. A. Bianco, R. A. Mazzei, C. Melchioni, G. Romeo,  M. L. Scarpati, Food 
Chem.,1998, 63, 461. 
68. A. Bianco, R. A. Mazzei, C. Melchioni, M. L. Scarpati, G.Romeo, N. 
Uccella, Food Chem., 1998, 62, 343. 
69. A. Bianco, C. R Melchioni, G.Romeo, N.Uccella, Nat. Products Res.2004, 
18,29. 
70. A. Bianco,  M.A.Chiacchio,  G. Grassi, D.Iannazzo, R.Romeo, Food Chem. 
2006, 95, 562. 
71. A. Bianco, I. Muzzalupo, A. Piperno, G..Romeo, N. Uccella, J. Agric. Food 
Chem. 1999, 4. 3531. 
72. A. Bianco, A .Piperno, G. Romeo, N. Uccella, J. Agric. Food Chem. 1999, 
47,3665. 
73.  K. G. U. Wijayantha, L. M. Peter, L. C. Otley, Solar Energy Mater. Solar Cells. 
2004, 83, 363. 
74. L. Cademartiri, E. Montanari, G.Calestani, A. Migliori, A. Guagliardi, G. 
O.Ozin, J. Am. Chem. Soc. 2006, 128, 10337. 
75. L. Turyanska, Appl. Phys. Lett. 2007, 90, 101913. 
76. A. M. Lobo, T. Nagel, M. Borchert, H. Hickey, H. Weller, J. Phys. Chem. B 
2005, 109, 17422. 
77. J. J. Yeh, I. Lindau, At. Data Nucl. Data Tables, 1985, 32, 1, 1. 
78. B. L. Wehrenberg, C. Wang, P. Guyot-Sionnest, J. Phys. Chem. B, 2002, 
106,10634. 
79. D. J. Bergman, M. Stockman, Phys. Rev. Lett. 2003, 90, 027402 
80. M. G. Bawendi, M. L. Steigerwald, L. E. Brus, Annu. Rev. Phys. 1991, 41,477. 
81. Y. Wang, N.Herron, J. Phys. Chem. 1991, 95, 525. 
82. P. Weon, Mat. lett. 2003, 57, 1508. 
83. K. Tennakone, G. K. R. Senadeera, V. P. S Perera, I. R. M. Kottegoda, L. A. 
A. Desilva, Chem. Mater. 1999, 11, 2474. 
84. P. Hoyer, R. Konenkamp, Appl. Phys. Lett. 1985, 3, 66. 
85.  E. Cetinorgu, S. Goldsmith, R.L. Boxman, Semicond. Sci. Tehnol. 1996, 21, 
364. 
86. H. J. Yu, G. M. Choi, Sensors and Actut. B, 1999, 61, 59.  
87. Jeffrey M. Pietryga, Richard D. Schaller, Donald Werder, Michael H. Stewart, 
210 
 
 Victor I. Klimov, and Jennifer A. Hollingsworth, J. Am. Chem. Soc., 2004, 
 126, 11752. 
88. (a) T. Trindade, P. O’Brien, X. Zhang, M. Motevalli, J. Mater. Chem. 1997, 7, 
1011; (b) T. Trindade, P. O'Brien, X. Zhang, Chem. Mater. 1997, 9, 523;( c) M. 
Afzaal, K. Ellwood, N. L. Pickett, P. O'Brien, J. Raftery, J. Waters, J. Mater. 
Chem. 2004, 14, 1310;( d) M. Afzaal, P. O'Brien, J. Mater. Chem., 2006, 16, 
1113; (e) D. Berhanu, K. Govender, D. Smyth-Boyle, M. L. Archbold, D. 
Halliday, P. O’Brien, Chem. Commun. 2006, 4709;(f) C. L. Henry, F. 
O’Mahony, J. Akhtar, M. Afzaal, P. O’Brien, S. A. Haque. J. Am. Chem. Soc. 
2010, 132, 2743. 
89. (a) R. J. Ellingson, M. C. Beard, J. C. Johnson, P. Yu, O. L. Micic, A. J. Nozik, 
A. Shabaev, A. L. Efros, Nano Lett. 2005, 5, 865; (b) A. J. Nozik, Chem. Phys. 
Lett. 2008, 457, 3. 
90. J. M. Luther, M. Law, M. C. Beard, Q. Song, M. O. Reese, R. J. Ellingson, A. J. 
Nozik, Nano Lett. 2008, 8, 3488. 
91. M. C. Beard, R. J. Ellingson, Laser Photonics Rev. 2008, 2, 377. 
92 H. Tong, Y. J. Zhu, L.-X.Yang, L. Li, Zhang L. Angew. Chem. Int. Ed. 2006, 45, 
7739. 
93. S. Acharya, U. K. Gautam, T. Sasaki, Y. Bando, Y. Golan, K. Ariga, J. Am. 
Chem. Soc. 2008, 130, 4594. 
94. D. V. Talapin, H. Yu, E. V. Shevchenko, A. Lobo, C. B. Murray, J. Phys. Chem. 
C 2007, 111, 14049. 
95. E. J. D. Klem, D. D. MacNeil, L. Levina, E. H. Sargent, Adv. Mater. 2008, 20, 
3433. 
96. J. Martin, G. S. Nolas, W. Zhang, L. Chen, Appl. Phys. Lett. 2007, 90, 
 222112. 
97. A. L. Rogach, A. Eychmüller, S. G. Hickey, S. V. Kershaw, Small, 2007, 3, 536. 
98. S. Wang, X. Zhang, X. Mao, Q. Zeng, H. Xu, Y. Lin, W. Chen, G. Liu, 
Nanotech. 2008, 19, 435501. 
99. (a) M. Brumer, A. Kigel, L. Amirav, A. Sashchiuk, O. Solomesch, N. Tessler, E.  
Lifshitz, Adv. Funct. Mater. 2005, 15, 1111;(b) A. Kigel, M. Brumer, A. 
Sashchiuk, L. Amirav, E. Lifshitz, Mater. Sci. Eng. C 2005, 25, 604,(C) W. Ma, 
J. M. Luther, H. Zheng, Y. Wu, P. Alivisatos, Nano lett. 2009, 9, 1699. 
211 
 
100. J. Akhtar, M. A. Malik, J. Thomas, P. O’Brien, K. G. U. Wijayantha, R. 
Dharmadasa, S. J. O. Hardman, D. M. Graham, B. F. Spencer, S. K. Stubbs, W. 
R. Flavell, D. Binks, F. Sirotti, M. El Kazzid, M. Silly, J. Mater. Chem. 2010, 
20, 2336. 
101. S. Tanuma, C. J. Powell, D. R. Penn, Calculations of Electron Inelastic Mean 
Free Paths, III. Data for 15 Inorganic Compounds over the 50 – 2000 eV Range., 
Surf. Interf. Anal., 1991, 17, 927. 
102. J. J. Yeh, I. Lindau, At. Data Nucl. Data Tables 1985, 32, 1. 
103. R. B. Shalvoy, G. B. Fisher, P. J. Stiles, Phys. Rev. B 1977, 15, 1680. 
104. I. Kang, F. W. Wise, J. Opt. Soc. Am. B 1997, 14, 1632. 
105.  (a) J. Zhang, X. Jiang, Appl. Phys. Lett. 2008, 92, 141108;(b) A. Gokarna, K.-
W. Jun, P. K. Khanna, J.-O Baeg, S. I. Seok, Bull. Korean Chem. Soc. 2005, 26, 
1803. 
106. (a) T. Y. Liu, M. Li, J. Ouyang, M. Z. Zaman, R. Wang, X. Wu, C.-S. Yeh, Q. 
Lin, B. Yang, K. Yu, J. Phys. Chem. C 2009, 113, 2301; (b) A. Kigel, M. 
Brumer, G. I. Maikov, A. Sashchiuk, E. Lifshitz, Small 2009, 5, 1675.  
107. E. Lifshitz, M. Brumer, A. Kigel, A. Sashchiuk, M. Bashouti, M. Sirota, E. 
Galun, Z. Burshtein, A. LeQuang, I. Ledoux-Rak, J. Zyss, J. Phys. Chem B 
2006, 110, 25356. 
108. J. M. An. A. Franceschetti, Nano. Lett. 2007, 7, 2129. 
109. A. Franceschetti, Phys. Rev. B 2008, 78, 075418. 
110. Leitsmann, R.; Bechstedt F. NANO, 2009, 11, 3505. 
111. J. Wu, W. Walukiewicz, K. M. Yu, J. W. Ager, E. E. Haller, H. Lu, W. Schaff, J. 
Appl. Phys. Lett. 2002, 80, 4741. 
112. S. H. Wei, S. B. Zhang, A. Zunger, J. Appl. Phys. 2000, 87, 1304. 
113. N. Tit, I. M. Obaidati, A. H. Reshak, H. Alawadhi, J. Phys. Conf. Ser. 2010, 
209, 012024. 
114. A. Jenichen, C. Engler Phys. Stat. Sol. B 2007, 224, 1957. 
 
 
 
 
 
 
212 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 4 
 
 
 
One-dimensional nanostructures of PbSe 
 
 
The work described in this chapter is expected to appear in upcoming publications. The 
synthetic work is carried out at School of Chemistry, and characterization of 
‘nanoworm’ and nanowires by XRD and TEM is performed in School of Materials 
Science, The University of Manchester.  
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4.1. Self-assembly 
Self-assembly is a spontaneous organization of system or materials from pre-existing 
components into a stable form.1 Self-assembly is widely distributed in nature and 
particulary more abundant in biological system. The formation of cells, bones, virus, 
phase transitions and crystals are some typical examples.1 Three types of self-assembly 
can be identified ‘static’ ‘dynamic’ and ‘programmed or programmable self-assembly’.2 
In ‘static self-assembly’ a system attains orderness by lossing free energy and adopts 
more stable form. Dynamic self-assembly occurs via attractive forces among the 
components and leads to non-equilibrium structures. in programmed or programmable 
self-assembly the components of the system  carry the information for the formation of 
final desire structures. Study of self-assembly process helps us to understand how 
specific events occur in nature. What forces control them? How enzymes catalyze 
biological reactions? Similarly, how a drug finds it target ? These findings will 
eventually lead to construct a new era of advanced technological materials that build 
themselves. 
 
 
4.2. Oriented attachment-an alternative way of self-assembly 
According to classical model, the growth of crystal takes place by addition of atom-by- 
atom to an inorganic or organic template or through ostwald ripening.3 Pen and co-
workers have described another type of growth pathway known as ‘Oriented 
attachment’ (OA). The formation of anisotropic structures during or after the synthesis 
of nanoparticles is also thought to  take place via OA mechanism.4-6 In comprehenisve 
investigation, Peng et al.; have shown that biomineralization products (diameter, 2-3 
nm) of iron-oxidizing bacteria aggregate in three dimensions at multiple sites. The 
subsequent growth of these aggregates takes place by the formation of iron-oxygen 
bonds at the interface leading to polycrystalline material.6 
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Figure 4.1. Pictorial diagram of OA mechanism, A and B fusion along the same plane, 
C Anisotropic structure formed as result of coalesence 
 
This type of mechanism has been observed in a number of nanoscale materials such as  
α-Fe2O3,7,8 Au,9 hydroxyapatite (Ca10(PO4)6(OH)2),10 TiO2,4-5,11 FeOOH12 and 
CoOOH,13 and ZnS.14 In this growth mechanism larger crystals are formed by the 
fusion of small crystal which share common crystallographic orientation leading to a 
thermodynamically favorable interface crystallographic alignment as is shown in Figure 
4.1.  
 
 
4.3. Synthesis of PbSe ‘worm’like nanostructures  
Ultra-small PbSe nanocrystals (NCs) (Figure 4.2 (a)) were prepared by the reaction of 
lead oxide and bis(trimethylsilyl)selenide in olive oil at 50 ˚C (see experimental 
section). The XRD pattern of PbSe NCs showed the cubic phase (halite structure) with 
characteristic peaks for (111), (200), (220), (311), (400) and (420) reflections can be 
clearly identified (Figure 4.2 (b)). 
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Figure 4.2. (a) TEM image of as-prepared PbSe nanocrystals with (b) corresponding 
XRD pattern. (c) HRTEM images of PbSe nanoworms with insert FFT image. 
 
 
 
 The diameter (ca. 2.2 nm) of these small PbSe NCs was calculated from the 
Scherrer equation by measuring FWHM of peaks along (200), (220) and 9311) planes 
in the XRD pattern.  TEM showed the shape of the nanoparticles as close to spherical 
(Figure 4.2(a)) with an average diameter of 1.8 ±0.2 nm; however the image of NCs is 
quite poor and discrete particles are far from clearly defined. The diameter from TEM 
(1.8 nm) is lower than that calculated from Scherrer equation (2.2 nm), but within 
reasonable bounds. The as prepared PbSe NCs (0.2 mg) were suspended in 30 mL of 
anhydrous toluene to prepare the dilute solution for Transmission Electron Microscopy 
(TEM). Toluene solution of PbSe NCs was left at room temperature for four weeks and 
a sample was then taken for TEM. Figure 4.2 (c) shows the transformation of NCs to 
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wormlike structures. The nanoworms have different lengths ranging up to 180 nm and 
widths upto ca. 8.5 nm. The UV/Vis spectra of the as-prepared PbSe NCs and the 
nanoworms show a sharp absorption peak at 560 nm and 680 nm respectively. The 
NCs have a large blue shift with band edge at 630 nm (1.96 eV) as compared to 
the bulk PbSe (4426 nm, 0.27 eV).1 There was also a considerable red shift in the 
spectrum of  nanoworms (900 nm, 1.37 eV) as compared to the NCs (Figure 4.3).  
 
 
 
 
 
 Figure 4.3. UV/Vis spectra of the as-prepared PbSe NCs and the nanoworms. 
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Figure 4.4. HRTEM images of PbSe nano worm like structures prepared at room 
temperature. 
 
 
 
 Figure 4.4 shows some more TEM images of PbSe nanoworms. TEM image in 
Figure 5 shows a complete PbSe worm like structure. The insets in Figure 4.5 also show 
different parts of PbSe worm. Ultra-small PbSe NCs have fused like beads to ultimately 
make a continuous worm like structure. The d-spacing at the head is same as at the rest 
of the body indicating a continuous, unified structure (Figure 4.6). The growth of the 
nanoworms starts from head and ends at tail. Figure 4.6 (a-b) shows HRTEM images of 
another nanoworms structure with clear head and tail parts. 
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Figure 4.5. PbSe worm like structures with inset showing HRTEM images of different 
parts of body of worm assembled at room temperature from ultra-small PbSe NCs. 
 
 
 
Figure 4.6. (a) HRTEM image of PbSe worm like structure with inset showing head and 
(b) HRTEM image of main body of PbSe worm. 
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4.4.  Mechanism of formation of PbSe ‘Worm’ 
The as-prepared ultra-small PbSe NCs appear to be the building blocks for the 
subsequent assemblies. It seems likely that the very small and poorly crystalline 
material that results from the initial synthesis is very reactive and one explanation is 
that when two such crystals merge considerable recrytallization occurs. This process 
would have the effect of producing dimers much less reactive than the original 
monomers as shown in Figure 4.7(a), effectively leading to a predominance of 
dimerization. 
 These particles react more slowly and their preferred fusion seems to be at the 
point of high curvature and energy towards the apex of each object. The repetition of 
this process leads to the worm like tails. The tails apparently grow from heads which 
are typically larger (Figure 4.7 (b)). These arise from the coalescence either more of the 
original particles or the addition of one of these to a dimer of the second type; this 
phenomenon is rarer. It is tempting to suggest that these heads as in Figure 4.7 are 
becoming (111) faceted.  The bases of the heads are larger surfaces for reaction than the 
individual particles and may act to orient and control subsequent growth of the tail.  
This process may be redirected by the facing of charged emerged (111) faces. Recently 
it was demonstrated that non-stoichiometry composition of cations (Pb2+ ions) or/ 
anions (Se2- ions) in crystal planes of PbSe can generate “dipole moment”- a 
phenomenon characteristic of bulk phase. Fang and co-workers verified that Pb or Se- 
terminated (111) planes are electrically charged enough to produce dipole moment in 
capped or uncapped PbSe NCs.15 Based on our detailed TEM observations and optical 
measurements, we believe that as-prepared PbSe NCs are ultra small and have high 
surface energy. They have non-spherical multi-facets shape where (111), (100) and 
(110) planes co-exist. The (110) surface has a surface energy 73% higher than that of 
(100) surface. Moreover, the (111)-Pb terminated plane is polar due to presence of 
alternative ribbon like nano-domains.15 In toluene suspension PbSe ultra-small NCs are 
in a state of constant motion (Brownian) and colliding with each other and causing 
coalescence. In addition to polarity of planes and Brownian motion the presence of van 
der Waals forces among them also favour the coalescence of these NCs. First ultra-
small PbSe NCs attach with each other and an interface is formed at the neck between 
the NCs. After the formation of interface, these NCs undergoes constant rotations to 
generate 3D alignment, however such “metastate” is highly strained due to interfacial  
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defects.15 Finally, the interface and interfacial defects are removed by the re-dislocation 
of atomic planes leading to form a stable structure. In this case, this structure appears to 
be head of worms. Due to interaction between PbSe NCs and head tail portion of worm 
is formed gradually by continuous fusion of PbSe NCs. This picture of reactivity is 
consistent with our observations of the samples at different time intervals. There 
appears to be no evidence of shrinking particles and/or conventional Oswald repining 
type process. 
 
 
 
 
Figure 4.7. (a) Shows the HRTEM image of head of nanoworm which acts as point of 
initiation for the growth of tail. Similarly, Figure 4.7 (b) shows the fusion of NCs with 
head. This fusion takes place along (111) plane. 
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Figure 4.8. HRTEM image (a) and (b) of PbSe worms like structure and (c) main body 
with lattice fringes. 
 
 
 
Figure 4.8 (a) shows a growth of small worm like structure. Figure 4.8 (b) depicts 
HRTEM image of body of PbSe nanoworm. The calculated d-space from HRTEM 
lattice fringes shown in Figure 4.8(b) is 3.5 Å which correspond to [111] plane. 
Similarly, HRTEM of head and main body of worm is shown in Figure 4.8 (c). This 
mechanism of nanoworms assembly works only for ultra small PbSe NCs. The same 
experiment when repeated for larger PbSe NCs (ca. 8 nm) no self –assembly of NCs 
occurred. 
 
 
4.5.Synthesis of PbSe Nanowires via Solution-liquid-solid (SLS)  
One-dimensional nanostructures- nanowires of semiconductors have received 
considerable attention due to their novel size and dimensional-dependent physical and 
electronic properties. Compared to other nanostructures, they have two quantum 
confinement directions, leaving one unconfined direction for electrical conduction. This 
unique feature makes them suitable candidate to be employed in technological 
important devices, where instead of tunnelling transport, electrical conduction is  
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required. In addition, they have remarkable properties like increased surface area, very 
high density of electronic states enhanced exciton binding energy and increased surface 
scattering for electrons and phonons- are just few features which has raised expectation 
for using nanowires in “bottom-up" approach (Feynman, 1959) for the design of 
nanostructures and potential nanotechnology device.19-22 
 The PbSe nanowires have been grown by a number of methods, 
electrodeposition, 23-25 vapor-liquid-solid (VLS),8 chemical vapour deposition (CVD),26-
27
 oriented attachment,28 colloidal,29 and solution method.30 Among these, solution 
based method is considered better to prepare NWs with high yields, lower overall 
synthetic temperatures (< 400 °C) and controlled aspect ratio of NWs.31 In addition, the 
passivations of NWs surfaces by the use of surfactants minimize the potential oxide 
formation. Unlike other methods, the as-prepared NWs by solution method are soluble 
in organic solvents thus making them useful for practical applications. 
 Compared to dual source, where reactivity imbalance, pyrophoric and toxicity of 
reactants are major challenges, single molecular precursors are considered  less toxic.32 
These molecular precursors were developed initially for the deposition of thin films by 
MOCVD; however it has been shown that they can be efficiently used to prepare other 
nanomaterials as well.32-33 To date, a number of reports are available in literature to 
prepare PbSe NWs, but all involved the use of dual source.18-26 
 
 
 
4.6.Synthesis of [bis(N,N-diethyl-N’-naphthoylselenoureato)lead(II)]   (15) 
The ligand (15) and its lead complex (16) was prepared (experimental section)  and 
characterised by single crystal structure.  Figure 4.9 represents single X-ray crystal 
structure of ligand (15) 
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Figure 4.9. Molecular structure of N,N di-ethyl-naphthoyl selenourea (15), selected 
bond distances (Å) and  angles (o), C(11)-O(1) 1.2 (3), C(11)-N(1) 1.4(3), C(12)-N(2) 
1.3 (4), C(12)-N(1) 1.4(4),C(12)-Se(1) 1.8(3), C(13)-N(2) 1.48 (4), O(1)-C(11)-N(1) 
121.4(3), O(1)-C(11)-C(1) 122.5(2), N(1)-C(11)-C(1) 116.1(2), N(2)-C(12)-N(1) 
116.2(3), N(2)-C(12)-Se(1) 126.0(2), N(1)-C(12)-Se(1) 117.8(2). 
 
 
 It belongs to triclinic crystal system. The significantly larger bond length of 
C=Se (1.83 Å) as compared to sulfur analogues (1.67Å) 37,38 is expected due to the 
bigger ionic radius of Se than S. There is intermolecular hydrogen bonding through 
carbonyl oxygen and hydrogen of napthyol ring of neighboring molecule. This feature 
is unusual as compared to previous reports, where hydrogen bond is present between 
selenium atom of one molecule and selenoamidic hydrogen of adjacent molecule 
known as resonance-assisted hydrogen bonding (RAHB).39-40 
 The complex of lead (16) was prepared by the reaction between aqueous 
Pb(NO3)2 and ethanolic solution of N,N-di-ethyl-N’-naphthoyl slenourea (15) at 
room temperature. The single crystal structure, selected bond lengths and bond 
angles of [bis(N,N-diethyl-N’-naphthoylselenoureato)lead(II)] (16) is shown in Figure 
4.10.  
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Figure 4.10. Molecular structure of N, N [diethyl-N’-naphthoylselenoureato)lead(II)] 
(16), Selected bond distances (Å) and  angles (o).O(1)-Pb(1) 2.42(8) O(2)-Pb(1) 
2.451(9), Pb(1)-Se(2) 2.78(6) Pb(1)-Se(1) 2.78(6))Pb(1)-Se(1)75.3(2),Se(2)-
Pb(1)Se(1)101.71(5),O(1)-Pb(1)-Pb(1),131.9(2),O(2)-Pb(1)-Pb(1), 61.5(2) 
 
 
 
 The crystal structure of (16) is monoclinic, P2 (1)/c based on a monomer in 
which lead atom is surrounded by two selenium and two oxygen atoms, from each  
chealting N,N di-ethyl napthyolselenourea. The geometry at lead is cis distorted square 
planar. Two of the Pb-Se bond distances are significantly larger than the two oxygen 
Pb-O i.e Pb(1)-Se(1)1,2.78,Pb(1)-Se(2) 2.78 Å while Pb(1)-O(1) 2.42, Pb(1)-O(2) 2.45 
Å.   
 
4.7. Synthesis of PbSe nanowires 
The compound (16) was used to prepare PbSe NWs in TOP/TOPO at 290-295 °C using 
Au@Bi NCs as catalyst (see experimental section) as shown in pictorial diagram 4.11.  
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Figure 4.11. Schematic representation of synthesis of PbSe NWs by SLS method. 
 
List of experiments together reaction time and morphology of as-preaped PbSe NWs 
from compound (16) is shown in Table 4.1 
 
Table 4.1. Resulting shape and dimensions of PbSe NWs from experiments  
  conducted.In all cases, 0.2g of precursor (16) was injected at 290 (± 5) 
  
oC . 
Amount of Au 
@Bi (µL) 
Time 
(minutes) 
Morphology Dimensions Length 
(L), Width (W) 
(nm) 
40 1, 5 NWs L= 100 nm, W = 8 
nm 
40 (slow 
injection) 
15 Branched NWs L = Several microns, 
W = 15 nm 
120 5, 60 Branched NWs L = Several 
microns,W = 18-22 
nm 
Au NCs 5, 15, 30 Nano tubules  
------------- 
Au 120 µL 5, 15, 30 Nano tubules  
-------------- 
Without catalyst 1, 5 Spherical particles  
20 nm 
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 A typical XRD of PbSe NWs is shown in Figure 4.12. All peaks are well 
indexed to cubic phase without any impurity peaks. The added stock solution of Au 
@Bi was instantly consumed in whole reaction.  
 
 
 
 
  
  
 
 
 
 
 
 
Figure 4.12. Typical XRD pattern of PbSe NWs synthesized with 15 minutes growth 
time using 0.2 g of precursor. 
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Figure 4.13. XRD pattern of PbSe NWs prepared at 290 °C using Au@Bi catalyst 
reaction time (a) 5 minutes (b) 15 minutes (c) 1 hour (d) slow injection of precursor in 
15 minutes (e) Reaction time 30 minutes with increased concentration of Au@Bi 
catalyst (f) 15 minutes using only Au nanoparticle. 
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Figure 4.13 represents XRD patterens of PbSe NWs prepared under different growth 
time. The XRD patteren in Figure 4.13(a-c) shows the crystalline nature of as-prepared 
PbSe NWs prepared with growth time 5, 15 and 60 minutes. Figure 4.13 (d) represents 
the XRD patteren of PbSe NWs prepared by slow addition of precursor and Au@Bi 
mixture. When higher concentartion of Au@Bi (120 µL) was used, relative intensity of 
(200) plane peak increased many times as shown in Figure 4.13(e) 
 
 
 
 
 
   
 
Figure 4.14. TEM images of PbSe NWs prepared with growth time 1 minute at 290 ˚C. 
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Figure 4.15. PbSe NWs of various shapes (a-b) rings like, (c-d) T and cross shaped 
prepared at 290 ˚C. The precursor and Au@Bi mixture was slowly injected for 5 
minutes and further kept at this temperature for 15 minutes. 
 
 
 
 In order to observe the morphology of as-prepared PbSe NWs, TEM analysis 
was carried out. TEM images of PbSe NWs prepared after one minute of growth time  
is shown in Figure 4.14 (a-b). The estimated diameter of these PbSe NWs is about 8.8 
nm and length upto 400 nm. In another experiment, precursor (16) and Au@Bi mixture 
was injected dropswise over the period of 5 minutes in TOPO at 290 °C to observe the 
shape of PbSe NWs. A number of different shapes of PbSe nanowires were observed 
including rings like structures,branched and T-shape as shown in Figure 4.15(a-d). The 
correpsonding insets in Figure 4.15 (b) shows the selected electron area diffraction 
patteren of PbSe NWs. The presence of sharp rings demonstrate polycrystalline nature 
of PbSe NWs. 
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 Figure 4.16 (a-f) shows the HRTEM images of PbSe NWs obatined when 0.2 g 
of precursor (16), 40 µL Au@Bi were used with growth time 15 minutes. Figure 4.16 
(a-c) shows selected images of PbSe NWs. The mean diameter estimated from these 
images was 23.5 nm. Figure 4.16(d-f) is HRTEM iamges of PbSe NWs. The calculated 
d-spacing (0.21 nm) from TEM image corresponds to (220) plane. 
 
 
 
 
 
Figure 4.16. (a-f) TEM images of PbSe NWs prepared using 0.2g precursor, Recation 
time, 15 minutes, 40 µL Au@Bi, injection temperature 290°C. 
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Figure 4.17. TEM images of PbSe NWs prepared using 0.2g precursor and 120 µL 
Au@Bi catalyst at 290°C. 
 
 
 
 Figure 4.17 (a-f) show TEM images of PbSe NWs prepared  by uisng 120 µL 
Au@Bi stcok solution by keeping all parameter constants. The as-prepared PbSe NWs 
are branched and have length up to several microns. The calculated d-spacing from 
TEM image  shown in Figure 4.17(f) is 0.35 nm and corresponds to (111) plane. In 
order to compare the catalytical activity of Au and Au@Bi NCs, reaction was also 
carried out under similar condition usisng Au NCs. TEM studies showed that instead of 
NWs, a random net is formed with dense spot like knots as shown in Figure 4.18. 
Similarly, repeating the reaction without Au and Au @Bi NCs under similar 
condcitions resulted in formation of globular shaped NCs as shown in Figure 4.19. 
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Figure 4.18. PbSe random net formed with dense spot like knots by using Au NCs at 
290 °C. 
 
         
 
Figure 4.19. A mixture of globular and spherical PbSe nanocrystals prepared from 
precursor (16) under same conditions without using Au or Au@Bi NCs as controlled 
experiment. 
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4.8. Conclusion:  
In this chapter, synthesis and characterisation of 1D nanostructures of PbSe have been 
reported. PbSe anisotropic structures of worm like were prepared in toluene using ultra-
small nanocrystals.The mechanism of formation of these novel structures was 
investigated by TEM. Ultra-small PbSe NCs fuse along thier reactive facet (111) to 
form head like structures. This head then acts as point of initation  and more and more 
nanocrystals fuse to form tail.  
PbSe nanowires were prepared using a newely synthesized single source precursor, N, 
N [diethyl-N’-napthyolselenoureato)lead(II)] in trioctylphosphine oxide (TOPO) at 290 
°C. A number of experiments were carried out with and without Au or Au@Bi 
nanoparticles as catalysts. It was concluded that Au@Bi nanoparticles were most 
efficient to induce one-dimensional growth. 
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Chapter 5 
 
 
Summary, Conclusion and Outlook 
 
 
In this thesis, synthesis of lead chalcogenide nanocrystals (NCs) and thin films have 
been described. Section 5.1 contains a short summery of research work. The results and 
conclusion drawn from this research work is described in section 5.2. based on these 
conclusion, an outlook to future research is provided in section 5.3. 
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5.1. Summary 
 
Lead chalcogenides PbE (E = S, Se, Te) are an important semiconductor materials, 
which have found applications in optoelectronic devices. More recently, lead 
chalcogenide as thin films and nanocrystals have received considerable interest in low-
cost photovoltaic devices. The work described in this thesis deals with the 
investigations of new preparative routes for controlled synthesis of binary, ternary and 
quaternary nanocrystals of lead chalcogenide. In present case, nanocrystals of lead 
chalcogenides were grown by single and dual sources. Several new lead complexes 
were prepared and used to deposit PbS and PbSe thin films by metal-organic chemical 
vapours deposition (MOCVD).  
In the first part of this these, several new single source precursors were synthesized, 
characterized and then used for the synthesis of PbSe or PbS nanocyrstals by solution 
thermolysis or deposition of thin films by aerosol assisted chemical vapour deposition 
(AACVD). Newly synthesised compound; bis(diphenylthioselenophosphinato)lead(II) 
was used to deposit PbSe thin films by AACVD between 300-600 °C. Energy 
dispersive x-ray analysis (EDX) of thin films showed significant contamination of 
phosphorus (up to 9%) which came from the decomposition of the precursor.  This 
precursor was also used to prepare PbSe nanocrystals by thermolysing at 100 °C in (i) 
hexadecylamine (HAD) and (ii) in 1:1 a mixture of dodecanthiol (DDT) and oleyamine 
at room temperature.  
To produce phosphorus free PbSe thin films, bis(N, N dialkyl selenoureato)lead(II) 
complexes were prepared and used for the deposition of thin films and nanocrystals. 
The deposited PbSe thin films by AACVD method showed different morphologies at 
different deposition temperatures. Similar effect on morphologies and crystallites size 
was observed for PbSe nanocrystals by varying the thermolysis temperature.  
A series of new lead dithiocarbamato complexes [Pb(S2CNRR’)] (R = Me, hept, 
octyl; R’ = Me, benzyl, octyl, octadecyl) were prepared and characterized to be used for 
the deposition of PbS thin films and nanocrystals. AACVD experiments have shown 
that all these precursors deposit good quality thin films in the temperature range of 350- 
525 °C. PbS nanocrystals were grown at surprisingly  low temperature of 60 °C in 
oleyleamine  
PbS thin films and nanocrystals were also grown fromanother class of 
compounds; bis[(O-butyldithiocarbonato)]lead(II). Uniform and highly confomal thin 
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films of PbS were grown on plastic substrates at temperatures as low as 170 °C by 
AACVD and at 200 °C by low pressure (LP) CVD. To the best of our knowledge, this 
is the first example for the deposition of PbS thin films at such a low temperature on 
polyimide substrate. Preparation of PbS thin films using bis[(O-
butyldithiocarbonato)]lead(II) by liquid-liquid interface method at room temperature is 
also carried out. SEM analysis of as-deposited thin film showed that the films are 
composed of nanosize crystallites. The shape of these crystallites can be tuned from 
pyramidal to octahedral or rods depending on the concentration of sulfide source (Na2S) 
in an aqueous phase. Further experiments also revealed that PbS nanocrystals can be 
deposited at room temperature in alkylamine from bis[(O-
butyldithiocarbonato)]lead(II). 
In the second part of thesis, synthesis of binary (PbS, PbSe) and ternary 
(PbSxSe1-x) nanocrystals in olive oil is described. High quality PbS nanocrystals were 
prepared in olive oil at 60 °C using PbO and TMS (bis(trimethylsilyl)sulfide).  The as-
prepared PbS nanocrystals retained excitonic features under light and dark condition for 
many months. Photoelectrochemical behavior of as-deposited PbS nanocrystals were 
investigated in 1 M Na2SO3 electrolyte solution and results showed that as-prepared 
PbS nanocrystals were photochemically active.  
PbSe nanocrystals were also prepared at 50 °C in olive oil using PbO-olive oil 
and TMSe (bis(trimethylsilyl)selenide). These PbSe NCs were used as sensitizer in 
extremely thin layer (eta) solar cell device. Photovoltaic measurements showed  a 
significant enhancement in incident photon to energy conversion efficiency (IPEC) up 
to 8 % with 1379 µAcm-2 short circuit current (Jsc) and  0.36  open circuit voltage 
(Voc). Similarly, ternary PbSxSe1-x, and quaternary PbTe/PbSe/PbS NCs nanocrystals 
were also prepared. XRD and X-rays photoelectron spectroscopy (XPS) confirmed the 
composition of these alloyed nanocrystals.  
 
In the third part of thesis, synthesis of one-dimensional nanostructures 
‘nanoworms’ and nanowires of PbSe is described. PbSe nanoworms formed at room 
temperature by self-assembly of ultra-small PbSe nanocrystals. A detailed HR-TEM 
study was carried out to investigate the growh mechanism of these novel structures. 
High quality PbSe nanowires were deposited using bis[N,N diethyl-N’-
napthyolselenoureato]lead(II) by solid-liquid-solution (SLS) in the presence of 
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heterogonous Au@Bi catalyst. Experiments showed that growth time and concentration 
of catalyst are key factors to control the length and diameter of PbSe nanowires. 
  
 
5.2. Conclusion  
A number of new lead complexes of type, diphenylthioselenophosphinato, 
dithiocarbamato, N, N dialkyl-N-acylselenoureato and dithiocarbanato have been 
synthesized and used as precursors for the deposition of binary PbS and PbSe thin 
films by aersol assisted chemical vapours deposition (AACVD). The nanocrystals of 
PbS and PbSe were also grown by employing the colloidal approach. In case of 
nanocrystals (NCs), it was observed that size of the NCs obtained could be tuned by 
judicious selection of growth temperature, reaction time and precursor 
concentration. Similarly, shape of as-grown nanocrystals of PbS and PbSe was 
found sensitive to capping agent and thermolysing temperature. Cubic shaped PbS 
nanocrystals were obtained in oleylamine at 80 °C and quasi spherical at 60 °C from 
symmetrical and un-symmetrical dithiocarbamato complexes of lead. However, 
when dodecanthiol (DDT) was used spherical PbS NCs  assembled in flowers like 
clusters.  
 
 Binary (PbS, PbSe) and ternary (PbSxSe1-x) lead chalcogenide NCs were 
prepared sucessfully using a cheap, low temperature and environment friendly method. 
Unlike conventional colloidal methods which use trioctylphoshine oxide (TOPO), we 
used olive oil as solvent and capping agent. Good quality PbS and PbSe NCs with 
narrow size distribution absorbing in visible/nearIR region were obtained. Experiments 
have shown that by carefully controlling the conditions of reactions leads to PbS 
nanocrystals with well-defined shapes, and band gaps can be tuned between 1.72 - 0.88 
eV for PbS and 1.34 - 2.1 eV for PbSe NCs.  
Ternary (PbSxSe1-x) NCs were prepared by using reagents (TMS and TMSe) with 
similar structures and reactivities. Tunable emission dependent on composition has 
been systematically demonstrated over the composition range of the PbSxSe1-x (x = 0 - 
1) NCs. As expected the emission wavelength shifted to red with increasing the S 
content. Detailed transmission electron microscopy (TEM) studies confirmed the 
growth of homogeneous alloyed PbSxSe1-x structures. An insight into the surface 
properties of alloyed structures by X-ray photoelectron spectroscopy (XPS), further 
240 
 
confirmed the composition. Optical investigation further supports the formation of 
alloyed NCs rather than core/shell structures. In addition, the variations of absorption 
and emission energies are well fitted with Vegard’s equation and for the first time the 
bowling parameter is determined to be equal abs = 0.190+0.045 eV.  
 Simialry, quaternary (PbTe/PbSe/PbS) lead chalcogenide NCs both alloyed and 
core shell type were prepared and sucessfully characterized by X-ray photoelectron 
spectroscopy. Surface depth profile of NCs investigated by XPS and showed there is 
higher ratio of Te:[Se+S] on the surface than in the centre of these quaternary NCs 
(approximately 34:1 near the  surface, 2:1 near the centre). Morover Core level 
spectra of 2p (S), 3p (Se) and 4d (Te) showed that there is substantial oxidation 
products (PbXO3, X= S,Se,Te) near the surface, but less so in the centre.  
 Anisotropic Growth of PbSe was also demonstarted. Highly crystalline and  defect 
free PbSe nanowires were deposited for the first time from a single source precursor 
via solid-solution-liquid (SLS) route. In this method, diameter of PbSe nanowires 
can easily be tuned from 8-25 nm. Novel PbSe nanostructures ‘nanoworms’ were 
prepared by self assembly of ultra small PbSe nanocrystals from a dilute suspension 
in toluene at room temperature without the help of any catalyst or template. The 
investigation into the growth mechanism showed that this fusion of NCs occurs by 
oriented attachemnt (OA) method instead of the conventional Oswald ripening (OR) 
method.  
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5.3. Outlook 
 
The synthetic work described in thesis on different classes of compounds with lead can 
be extended to other metals such as: Fe(II), Fe(III), Pt(II) and Au(III), Ti(IV) etc. These 
metal complexes could be used as single source precursors for the deposition of metal 
chalcogenide thin films or nanoparticles.  
Green chemistry route described in this thesis by using olive oil instead of  
TOPO/TOP has opened a new way for the thermolysis and capping of nanocrystals. 
Similar thermolysis in coconut oil or Ghee (refined butter) could provide a range of 
green solvent systems.  
Since alloyed semiconductor nanomaterials provide an alternative approach to 
band gap control, the alloyed materials prepared (PbTe/PbS/PbSe) in this work could be 
investigated for their multiple exciton generation (MEG) properties. These studies 
would be helpful for fabricating solar cell with enhanced efficiency. These materials 
have also potential applications in IR-sensors and thermoelectric devices.  
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Chapter 6 
 
 
Experimental Section 
 
This chapter deals with the synthesis of single source precursors and characterization by 
elemental analysis, IR, Mass spectrometry and NMR. The synthetic procedures of 
nanocrystals and characterization techniques XRD, TEM XPS, and SEM have also been 
described. All synthetic work is carried out at School of Chemistry, The University of 
Manchester in lab. 5.53. Photovoltaic measurements were performed at department of 
Chemistry, Loughborough University. Single crystal structure of newly synthesized 
compounds is determined by Dr. Madeleine Helliwell and Dr. James Raftery, School of 
Chemistry, The University of Manchester. Cif files for X-ray single crystal structures 
are provided on a CD. 
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6.1. Synthesis and characterization of precursors 
All synthetic reactions were performed under an inert atmosphere of dry nitrogen using 
standard Schlenk line techniques. All reagents were purchased from Sigma-Aldrich and 
used as received. 1H NMR spectra were obtained using a Bruker AC400 FT-NMR 
spectrometer. Mass spectra were recorded on a Kratos concept 1S instrument. Infrared 
spectra were obtained on a Specac single reflectance ATR instrument (4000–400 cm-1). 
Elemental analysis was performed by the University of Manchester Micro-analytical 
facility. TGA measurements were carried out using a Seiko SSC/S200 thermal analyzer 
under a heating rate of 10 °C min-1 under nitrogen flow rate 10 mL/min.  
 Single crystal x-ray crystallography measurements were made using graphite 
monochromated Mo Kα radiation on a Bruker APEX diffractometer. The structures 
were solved by direct methods and refined by full-matrix least-squares on F2.1 All 
calculations were carried out using the SHELXTL package2. All non-hydrogen atoms 
were refined with anisotropic atomic displacement parameters. Hydrogen atoms were 
placed in calculated positions and were assigned isotropic atoms. 
 Thin films of lead sulfide and lead selenide were deposited using an improvised 
AACVD Kit. X-ray powder diffraction patterns were obtained using a Bruker D8 AXE 
diffractometer (Cu-Kα). The samples were scanned between 20 to 80 degrees in a step 
size of 0.05 with a count rate of 9 sec. Thin films were carbon coated using Edwards E-
306A coating system before carrying out SEM and EDX analysis. SEM was performed 
using a Philips XL 30FEG and EDX analysis was carried out using a DX4 instrument. 
TEM samples were prepared by evaporating a dilute toluene solution of the 
nanoparticles on lacy carbon coated copper grids (S166-3, Agar Scientific). Philips 
CM20 and Technai30 transmission electron microscope (TEM) was used to obtain 
TEM images of the nanoparticles.   
 
6.2. Methods of synthesis 
The compounds (1-16) were synthesized as described below. The newly prepared 
compounds (1-4 and 9-16) were characterized by IR, NMR, elemental analysis and  
 
 
244 
 
mass spectrometry. Known compounds (5-8) were prepared for comparative study and 
their purity was confirmed by elemental analysis. 
 
6.2.1. Synthesis of N-benzyl-N-methyldithiocarbamatolead(II) (1) 
Typical procedure of synthesis of N-benzyl-N-methyldithiocarbamatolead(II) (1) 
involved the stirring of  5.6 mL (44 mmol) of N-benzylmethylamine dissolved in 30 mL 
of methanol with 1.32 mL (23 mmol) of CS2 at 0 °C for 30 minutes. The solution 
gradually turned yellow in colour. Finally, (3.6 g, 11 mmol) of Pb(NO3)2  dissolved in 
10 mL of distilled water was added dropwise  and whole mixture was stirred for 30 
minutes. The obtained  white precipitates were washed by water and dried in desicator. 
Reliable data on isolated yield for this compound were not recorded. Elemental analysis 
% (Found: C, 34.1; H, 3.0; N, 4.6; S, 22.2; Pb, 36.1. Calc. For C16H20N2S4Pb C, 32 ; H, 
3.3; N, 4.6; S, 21.2, Pb, 34.5). IR cm-1: 2958 υ(C–H), 1478 υ(C–N), 957 υ(C–S)
. 
1H 
NMR ( , CDCl3, 400 MHz) 3.23 (6H, s, 2CH3N), 5.0 (4H, s, 2NCH2-Ar), 7.30 (10H, 
m, H-Ar), MS : [C6H5-CH2-NCH3-CS2HPb]+ m/z,  404 (base peak).  
 
6.2.2. Synthesis of N-heptyl-N-methyldithiocarbamatolead(II)  (2) 
The compound N-heptyl-N-methyldithiocarbamatolead(II) (2) was prepared by similar 
method described above but used, 3.7 mL (22 mmol) of N-heptyl-N-methylamine, 0.66 
mL (11 mmol) of CS2 and 1.8 g (5.5 mmol) of Pb(NO3)2. Reliable data on isolated yield 
for this compound were not recorded. Elemental analysis % (Found: C, 34.8; H, 5.8; N, 
4.5; S, 20.4, 32.9; Calc. For C18H36N2S4Pb C, 35.1; H, 5.8; N, 4.5; S, 20.8, Pb, 33.6) IR 
cm-1: 2923 υ(C–H), 1458 υ(C–N), 923 υ(C–S). 1H NMR ( , CDCl3, 400 MHz) 0.91 
(6H, t, 2CH3-R), 1.30 (8H, m, 2CH2-R)1.48 (8H, s, 2CH3CH2-R), 1.80 (4H, m, 
2CH3CH2CH2-R), 3.35 (6H, s, 2CH3N), 3.78 (4H, m, 2NCH2-R). MS: [C7H15-NCH3-
CS2]+ m/z,  204 
 
6.2.3.  Synthesis of N-methyl-N-octadecyldithiocarbamatolead(II) (3) 
The compound N-methyl-N-octadecyldithiocarbamatolead(II) (3) was prepared as 
described above but used 2.5 g (8.7 mmol) of N-methyl-N-octadecylamine, 0.65 ml (4.3 
mmol) of CS2 and 0.71g (2.2 mmol)) of Pb(NO3)2. Reliable data on isolated yield for 
this compound were not recorded. Elemental analysis (Found: C, 52.4; H, 8.9; N, 3.0; S,  
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13.9; Pb, 21.7; Calc. For C40H76N2S4Pb C, 52.2; H, 8.3; N, 3.0; S, 13.9; Pb, 22.5), IR 
cm-1: 2940 υ (C–H), 1458 υ (C–N), 923 υ (C–S). 1 1H NMR ( , CDCl3, 400 MHz) 0.90 
(6H, t, 2CH3-R), 1.30 (16 H, m, 4 CH2CH2-R) 1.60 (36H, s, 18CH3CH2-R), 2.28 (12H, 
s, 6CH3CH2CH2-R), 3.38 (6H, s, 2CH3N), 3.78 (4H, m, 2NCH2-R), MS: [C40H76N2S4Pb 
- C4H9]+ m/z, 863(base peak). 
 
6.2.4.  Synthesis of N, N-dioctyldithiocarbamatolead(II) (4) 
The preparation of compound N, N-dioctyldithiocarbamatolead(II) (4) was carried out 
by the method described in section 6.2.1 but used 10 mL (32.8 mmol) of dioctylamine, 
0.98 mL 16.4 mmol) of CS2 and 2.7g (8.2 mmol) of Pb(NO3)2. Yield, 1.6 g, 73%; 
Elemental analysis % (Found: C, 47.1; H, 8.0; N, 3.1; S, 14.1, Pb, 23.1;Calc. for 
C34H68N2S4Pb C, 48.6; H, 8.1; N, 3.3; S, 15.2; Pb, 24.7). IR cm-1: 2904, υ(C–H), 1428 
υ(C–N), 901 υ(C–S). 1H NMR ( , CDCl3, 400 MHz) 0.82 (12H, m, 4CH3-R), 1.28(16 
H, m, 4CH2CH2-R)1.62 (12H, s, 6CH3CH2-R), 2.86 (16H, m, 4CH3CH2CH2-R), 3.42 
(6H, s, 2CH3N), 3.60 (8H, q, 4NCH2-R). MS: [(C8H9)2CNS2]+ m/z, 316.  
 
6.2.5.  Synthesis of N-methyl-N-hexyldithiocarbamatolead(II) (5) 
The preparation of N-methyl-N-hexyldithiocarbamatolead(II) (5) was carried out by the 
method described in section 6.2.1 but used 6.64 mL (44 mmol) of N-methyl-N-
hexylamine, 1.32 mL (22 mmol) of CS2 and 1.8g (5.5 mmol) of  Pb(NO3)2.  Yield, 1.9 
g, 77%; Elemental analysis % (Found: C, 33.9; H, 5.8; N, 5.1 Calc. for C16H32N2S4Pb 
C, 32.7; H, 5.4; N, 4.7). 
 
6.2.6.  Synthesis of N, N-dimethyldithiocarbamatolead(II) (6) 
N, N-dimethyldithiocarbamatolead(II) (6) was prepared according to method described 
in section 6.2.1 but used 2.9 mL (44 mmol) of dimethylamine, 1.3 mL (22 mmol) of 
CS2 and 3.6 g (11 mmol) of Pb(NO3)2. Reliable data on isolated yield for this compound 
were not recorded; Elemental analysis % (Found: C, 16.0; H, 2.4 N, 6.0, Calc. for 
C6H12N2S4Pb C, 16.1; H, 2.7, N, 6.2) 
 
6.2.7.  Synthesis of N,N-diethyldithiocarbamatolead(II)  (7) 
The synthesis of N,N-diethyldithiocarbamatolead(II) (7) is carried out by the method 
described in section 6.2.1 but used 2 mL (20 mmol) of diethylamine, 0.6 mL (10 mmol) 
of CS2 and 1.65 g (5 mmol) of Pb(NO3)2.  Reliable data on isolated yield for this  
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compound were not recorded. Elemental analysis % (Found: C, 23.4; H, 3.8 N, 5.4, 
Calc. for C10H20N2S4Pb C, 23.4; H, 5.4, N, 5.5) 
 
6.2.8.  Synthesis of N,N-di-n-propyldithiocarbamatolead(II) (8) 
 The compound N, N-di-n-propyldithiocarbamatolead(II) (8) was synthesized by the 
method described in section 6.2.1 but used 3 mL (22 mmol) of dipropylamine, 0.65 mL 
(11 mmol) of CS2 and 1.8 g (5.5 mmol) of Pb(NO3)2.Yield,  2.9 g, 82%; Elemental 
analysis (Found: C, 29.8; H,4.9 N, 5.0, Calc. for C14H28N2S4Pb C, 30.0; H, 5.0, N, 5.0) 
 
6.2.9.  Synthesis of bis[(O-butyldithiocarbonato)]lead(II) (9)  
2.3 mL of butanol (1.86 g, 25 mmol) was dissolved in 30 mL of diethylether at room 
temperature. In to this solution, 0.6 g (25 mmol) of NaH was added and stirred for 30 
minutes. Then 1.5 mL of CS2 (25 mmol) was added drop wise and again whole mixture 
was stirred for 10 minutes. Finally, 4.1 g (12.5 mmol) of Pb(NO3)2 dissolved in 15 mL 
of distilled water was added. White precipitates were separated by filtration and washed 
two times with water. Yield, 5.8 g, 93%; Elemental analysis % (Found: C, 23.2; H, 3.4, 
S, 23.9, Pb, 42.8, Calc. for C10H18S4O2Pb C, 23.7; H, 3.5, S, 25.3, Pb, 40.9). IR cm-1, 
2803 υ(C–H),  1070 υ(C–S). 1H NMR ( , CDCl3, 400 MHz) 1 (t, CH3-R), 1.5 (m, CH2-
CH3), 2.4( q, O-CH2CH2). 4.55 (t,O-CH3), MS: [C4H9COS]+ m/z, 117. 
6.2.10. Synthesis of bis[diphenylthioselenophosphinato)lead(II) (10)  
Solution of Pb(NO3)2 ( 1.4 g, 4.35 mmol) in 15 mL of water was added drop wise in the 
solution of  (HNEt3)(Ph2PSeS) (3.5 g, 8.7 mmol) in 80 mL of methanol at room 
temperature. The mixture was stirred for 1 hour at room temperature under atmospheric 
pressure forming yellow precipitate, which was filtered, washed with hot MeOH and re-
crystallized in dichloromethane to obtain yellow crystals of C24H20P2PbS2Se2. Reliable 
data on isolated yield for this compound were not recorded. Elemental analysis % 
(Found: C, 34.2; H, 2.2; P, 7.3; S, 6.0, Pb, 27.3; Calc: for C24H20P2PbS2Se2 C, 36.0; H, 
2.5; P, 7.7; S, 6.8; Pb, 26.0). IR cm-1, 2928 υ(C–H), 1472, υ(C=C), 720, υ (C–S).  1H 
NMR (δ, CDCl3, 400 MHz): 7.89 (8H, m, Ar-H), 7.49 (8H, m, Ar-H), 7.40 (4H, m, Ar-
H).  
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6.2.11. Synthesis of N, N-diethyl-N’-benzoylselenourea (11) 
The preparation of the ligand N, N-diethyl-N’-benzoylselenourea (11) was carried out 
as follows. First of all, 3.45 g (24 mmol) of KSeCN was placed in 250 mL two neck 
flask connected to vacuum to dry KSeCN for about 3 hours. Then nitrogen gas was 
purged and 20 mL of acetone solution of benzoyl chloride (2.8 mL, 24 mmol) was 
added into above solution at room temperature.  The contents of the flask changed their 
colour from white to greenish-yellow. Finally, 2.4 mL diethylamine (24 mmol) 
dissolved in 10 mL of acetone solution was slowly added in above mixture. The colour 
of mixture changed to reddish brown. The mixture was stirred for 10 minutes at room 
temperature to ensure completion of reaction. In order to recover N, N-diethyl-N’-
benzoylselenourea from the mixture, 20 ml of anhydrous diethylether was added and 
flask was left undisturbed for 5 minutes. Ether layer was then carefully removed using 
separating funnel. The extraction process was repeated 3 times (3 x 20 mL of diethyl 
ether). Upon evaporation of ether solution, the red solid residue obtained which was re-
crystallized from ethanol to give green cubic crystals of C12H16N2OSe. Reliable data on 
isolated yield for this compound were not recorded. Elemental analysis % (Found: C, 
60.6, H, 6.2; N, 11.1. Calc. for C12H16N2OSe: C, 61.1; H, 6.8; N, 11.9  IR: (cm-1),  3006 
υ(C–H), 1741 υ(C=O), 1080 υ(C=Se), 1389 υ(C-N).
   
1H NMR ( , CDCl3, 400 MHz) 
(400 MHz; CDCl3): 1.28 ( t, 3H), 1.35  t, 3H ), 3.59 ( q, 2H), 4.02 (q, 2H, ), 7.45 (m, 
2H-Ar), 7.56 (t, 1H-Ar) 7.82 (d, 2H-Ar), 8.40 (br s, 1H, N–H).  MS: [C12H16N2OSe]+ 
m/z, 283(base peak) 
 
6.2.12. Synthesis of N, N diisobutyl-N’-4-nitrobenzoyl selenourea (12) 
The compound N, N diisobutyl-N’-4-nitro benzoyl selenourea (12) was prepared by 
using the similar method as described above but with 3.45 g (24 mmol) of KSeCN, 4.45 
g (24 mmol) of 4-nitro-benzoyl chloride and 4.1 mL ( 24 mmol) of diisobutylamine. 
Yield, 2.6 g, 29%; Elemental analysis % (Found: C, 48.7, H, 5.3; N, 10.3 Calc. for 
C16H23N3SeO3 C, 50.0; H, 6.0; N, 10.9, IR cm-1, 2986 υ(C–H), 1732 υ(C=O), 1079 
υ(C=Se), 1223 υ(C-N)
.   
1H NMR (δ CDCl3, 400 MHz) (400 MHz; CDCl3): 0.89 (m, 
6H), 1.10 (m, 6H), 2.1 (t, 2H), 2.3 (t, 2H), 3.4 (d, 2H), 8.1(d, Ar-2H), 8.2 (N-H, s), 8.38 
(d, Ar 2H), MS: [C16H22N3SeO3]+ m/z, 383 (base peak). 
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6.2.13. Synthesis of bis (N, N-diethyl-N -(benzoylselenoureato)lead(II) (13) 
The ligand N, N-diethyl-N’-benzoylselenourea (11) (1 g, 3.5 mmol) was dissolved in 40 
mL of ethanol and stirred for 5 minutes. Then  lead nitrate (0.57 g, 1.75 mmol)  
dissolved in 20 mL of water was slowly added followed by the addition of  sodium 
acetate (0.56 g, 7 mmole) in 10 mL of water at room temperature. Reliable data on 
isolated yield for this compound were not recorded. Elemental analysis % (Found: C, 
37.13, H, 3.67; N, 7.09, Pb, 27.36 Calc for C24H30N4O2Se2Pb: C, 37.36; H, 3.67; N, 
7.09, Pb, 27.85, IR cm-1: 2866 υ(C–H), 1702 υ(C=O), 1011 υ(C=Se), 1343 υ(C-N)
.   
1H 
NMR ( , CDCl3, 400 MHz) (400 MHz; CDCl3):0.89 (m, 6H), 1.10 (m, 6H), 2.1 (t, 2H), 
2.3 (t, 2H), 3.4 (d, 2H), 3.9 (d, 2H), 8.1(d,2H), 8.2 (N-H, s), 8.38 (d, 2H), MS: 
[Pb(CSeN2Et2)]+ m/z ,384 (base peak). 
 
6.2.14. Synthesis of bis(N, N di-iso-butyl-N -4-nitrobenzoylseleno- 
 ureato)lead(II) (14)  
The compound (14) was prepared by similar method as described above but used N, N 
diisobutyl-N-4-nitro benzoyl selenourea (1 g, 2.6 mmol in 40 ml ethanol), lead nitrate 
(0.43 g, 1.3 mmol) in 20 mL of water and sodium acetate (0.43g, 5.2 mmol) in 10 mL 
of water. Yield 0.68 g, 54%, Elemental analysis (Found: C 39.7, H 4.6, N 8.74, Pb 19.9 
%. Calc. for C32 H44N6O6Se2Pb,  C 39.4, H 4.5, N 8.6, Pb 21.3 %. IR cm-1: 3064 υ(C–
H), 1645 υ(C=O), 1056 υ(C=Se), 1419 υ(C-N)
. 
1H NMR (δ, CDCl3, 400 MHz) (400 
MHz; CDCl3):0.74 (d, 12H), 0.87 (d, 12H), 1.6 (t, 2H), 2.1 (t, 2H), 3.5 (d, 4H), 3.78 (d, 
4H), 8.28 (m,Ar-8H), MS: [C16H22N3SeO3]+ m/z, 383 (base peak) 
 
6.2.15. Synthesis of N, N diethyl-N’-naphthoylselenourea  (15) 
Acetone solution of naphthoyl chloride (4.61 g, 24.3 mmol in 30 ml) was added into 
KSeCN (3.5 g, 24.3 mmol,) dissolved in in 30 ml acetone at room temperature in a 250 
mL two neck flask under nitrogen. The contents of the flask changed their colour from 
white to greenish-yellow. The mixture was stirred for 5 minutes at room temperature to 
ensure completion of reaction. Addition of di-ethylamine (2.5 ml, 24.3 mmol in 10 mL 
acetone) solution into the mixture resulted in the change of colour from dirty green to 
orange red. After another 5 minutes stirring at room temperature, 50 mL of anhydrous 
ether was added and flask was left undisturbed for 5 minutes. The N, N diethyl-N’- 
naphthoylselenourea was extracted into ether layer which was separated by a  
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separating funnel. Upon evaporation of ether solution, the red solid residue was re-
crystallized from ethanol to give yellow cubic crystals of N, N diethyl-N’- 
naphthoylselenourea. Reliable data on isolated yield for this compound were not 
recorded. Elemental analysis % (Found: C, 57.60, H, 5.31; N, 8.29 Calc. for C16 H18 N2 
O Se C, 56.97; H, 5.44; N, 8.40) IR cm-1: 3023 υ(C–H), 1753 υ(C=O), 1198 υ(C=Se), 
1361 υ(C-N). 1H NMR (δ CDCl3, 400 MHz) :1.42 (t, 3H), 1.30 (t, 3H), 3.6 (q, 2H), 
4.18 (q, 2H),  7.85(m, Ar-4H), 7.56 (p, Ar-3H), 8.5 (s, NH), MS: [C10H7-CO-NH-CSe-
NEt2]+ m/z, 333 (base peak).  
 
6.2.16. Synthesis of.bis[N, N diethyl-N’-napthyolselenoureato]lead(II)  (16) 
The synthesis of bis[N, N diethyl-N’- naphthoylselenoureato]lead(II) (16) was carried 
out according to method described in experimental section 6.2.13 but used (1g, 3 mmol) 
of N, N diethyl-N’- naphthoylselenourea (15), 0.59 g (1.5 mmole) Pb(NO3)2, 0.49 g (6 
mmole). Reliable data on isolated yield for this compound were not recorded. Elemental 
analysis % (Found: C 44.21, H 3.80, N 6.26, Pb 24.059). Calc. for C32H34N4O2PbSe2 C 
44.09, H 3.93, N 6.43, Pb 23.7. IR cm-1: 2977 υ(C–H), 1505 υ(C=O, coordinated with 
metal), 914 υ(C=Se, coordinated with metal), 1361 υ(C-N). 1H NMR (δ CDCl3, 400 
MHz), 1.11 (t, 6H), 1.27 (t, 6H), 3.70 (q, 4H), 3.84 (q, 4H) 7.5 (m,Ar-4H), 7.89 (m, 
4H), 7.96 (d, 2H), 8.2 (d,  4H), MS: [ C10H7-CO-N-CSe-NEt2]+ m/z, 332 (base peak). 
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6.3.  Aerosol Assisted chemical vapour deposition (AACVD) kit  
Deposition of PbS and PbSe thin films was carried out in a home – built Aerosol 
assisted chemical vapour deposition (AA-CVD) kit. (Figure 6.1)  
           
 
    Figure 6.1 Picture of aerosol assisted chemical vapour deposition (AACVD) kit 
 
 
The substrates were placed along the reaction chamber, which was inserted into a 
furnace. Solution of precursor in toluene was put in a round-bottomed flask. The 
aerosol droplets were generated from the precursor solution by Pifco ultrasonic 
humidifier. Flow of carrier gas (Ar) transferred the aerosol droplets to the deposition 
chamber where the film deposition took place. The precursor vapours  when reached on 
heated substrate surface where decompsoition occured. Aerosol delivery increases mass 
transport rate of the precursor to the substrate which can result in a high deposition rate. 
Additionally, this system also has the potential to be operated under conditions where 
the precursor delivery rate and the composition of precursors in solution and droplets do 
not change with time, which allows reproducible deposition of multicomponent films, 
such as alloys.  
 The glass substrates were cleaned by placing in dilute nitric acid (50%) 
overnight and then washing with distilled water. The glass substrates were then placed 
in an ultrasonic washer (in distilled water) for 10 minutes and dried in oven. 
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6.3.1.  Depsoition procedure of thin films of PbS and PbSe by AACVD 
In a typical deposition experiment, 0.13g (0.02 M) of precursor, [Pb(S2CNMeBenzyl)2] 
(1), 0.14g (0.02 M) of precursor, [Pb(S2CNMehep)2]  (2), 0.22g (0.02 M) of precursor 
[Pb(S2CNMeOctdec)2] (3), 0.2g (0.02M) of precursor [Pb(S2CNOct2)2]  (4), 0.12g (0.02 
M) of  [Pb(S2CObutyl)2] (9) 0.2g (0.02M) of [Pb{(C6H5)2PSSe}2] (10), 0.6g (0.06M) of 
[Pb(benzoylC2N2OSe-Ethyl)2] (13) and [Pb(4-nitrobezoyl-C2N2OSe-ibutyl)2](14) was 
dissolved in 12 ml toluene in a two-necked 100 ml round-bottom flask with a gas inlet 
that allowed the carrier gas (argon) to pass into the solution and aid transport of the 
aerosol. This flask was connected to the reactor tube by a piece of reinforced tubing. 
The argon flow rate was controlled by a Platon flow gauge. Six glass substrates 
(approx. 1 x 3 cm) were placed inside the reactor tube, placed in a Carbolite furnace. 
Precursor solution in a round-bottom flask was kept in a water bath above the 
piezoelectric modulator of a PIFCO ultrasonic humidifier (Model No. 1077). The 
aerosol droplets of the precursor thus generated were transferred into the hot-wall zone 
of the reactor by carrier gas where the precursor decomposes to deposit a thin film of 
the required material.  
 
 
 
6.4.  Synthesis of nanocrystals 
6.4.1.  Synthesis of PbS NCs from N, N-dialkyldithiocarbamatolead(II) (1-8) 
In a typical procedure, 50 mmol of precursor (1) and 10 mL (31 mmol) of oleylamine 
were placed in a 100 mL three necked flask fitted with a thermometer and reflux 
condenser. The mixture was purged with N2 and changed to vacuum for few minutes at 
room temperature. The process was repeated three times to get rid of any air trapped 
inside the mixture. The mixture was then heated under N2 at 60 ˚C on a heating mantle. 
The colour changed to brown within 30 seconds. The reaction was stopped by removing 
the flask from the heating mantle. On addition of excess acetone a dark brown 
precipitate was formed which was separated by centrifugation and redispersed in 
toluene for further characterization. Similarly, typical synthesis of PbS flowers like 
clusters was carried out by thermolyzing the 50 mmol of precursor (6) in 10 mL (10 
mmol) of dodecanedithiol (DDT) and 2 mL (6.2 mmol) of oleylamine at 60 ˚C for 20  
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minutes. These flowers like clusters of PbS were purified by the similar method as 
outlined above. 
 
6.4.2. Synthesis of PbS NCs at room temperature from bis[(O-
 butyldithiocarbonato)]lead(II) (9) 
PbS nanoparticles were prepared by dissolving 0.5g  (1 mmol) of (9) in 3.7 mL (45 
mmol) of  propylamine  at room temperature. The solution turned black instantly 
indicating the decomposition of precursor. To ensure completion of recation, the 
mixture was further stirred at room temperature for 30 minutes. PbS nanoparticles were 
precipated by the addition of 20 mL of acetone and centrifuged for 5 minutes. The 
obtained brown-black solid was re-dispersed in 5 mL of toluene and re-precipitated by 
addition of acetone and centrifuged again for 3 minutes. Similary, reaction was carried 
out separately in 4.7 mL (45mmol) of pentylamine, 11 mL (45 mmol) of dioctylamine 
and  15 mL ( 45 mmol) of oleylamine. The as-deposited PbS nanoparticles were 
purified as described above. 
 
6.4.3. Synthesis of PbS NCs by thermolysis from bis[(O-
 butyldithiocarbonato]lead(II) (9) 
0.5g (1 mmol) of bis[(O-butyldithiocarbonato]lead(II) (9) dissolved in 2.5 mL (5 mmol) 
of trioctylphosphine (TOP) and rapidly injected in hot 12.5g ( 32 mmol) of TOPO at 
150 °C. The reaction was stopped after 60s by removing flask from heating mantel. On 
cooling, 10 mL of acetone was added to precipitate the PbS nanocrystalsand centrifuged 
for 2 minutes. 
 
6.4.4. Synthesis of PbSe NCs from 
 bis[diphenylthioselenophosphinato)lead(II)  (10)  
0.5g (0.6 mmol) of precursor (10) dissolved in 2 mL (4.4 mmol) trioctylphoshpine 
(TOP) under N2 was injected into 5g (20 mmol) hexadecyl amine (HDA) or in 10 mL 
(31 mmol) of oleylamine (OA) in 250 mL three neck flask and fitted with thermometer 
and reflux condenser. The flask was first purged with nitrogen for 10 minutes and then 
placed under vacuum for 30 minutes and gain purged with N2 gas. The flask was then 
subsequently heated, around 100 oC, the contents of flask turned brown/black within 
first 15 minutes. PbSe NCs were precipitated by addition of acetone and centrifuged for  
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5 minutes. The obtained black/brown solid was dispersed in toluene and used for further 
characterization.  Similarly, 0.5 g 90.6 mmol) of precursor (10) was added in a mixture 
of 10 mL (31 mmol) oleylamine (OA), 7.4 mL (31 mmol) of  dodecanthiol in 1:1 (OA: 
DDT) ratio and stirred for 10 minutes at room temperature. 
 
6.4.5.  Synthesis of PbSe nanocrystals from bis(N, N-diethyl-N -     
  (benzoylselenoureato)lead(II) (13) 
50mg (0.06 mmol) of precursor [Pb(benzoylC2N2OSe-Ethyl)2] (13) was added in a 100 
mL conical flask containing 15 mL (46 mmol) of oleylamine and stirred at room 
temperature for 30 minutes. Within first few minutes, the colour of solution turned 
black indicating the decomposition of precursor. When the reaction was complete, 10 
mL of acetone was added to precipitate PbSe nanocrystals and centrifuged for 3 
minutes. The obtained black material was dissolved in 5 mL of toluene and re-
precipitation was done by adding 10 ml of acetone and again centrifuged for two 
minutes. The purified nanoparticles dispersed well in toluene. Similarly, reaction was 
carried out separately by using 50 mg (0.06 mmol) of precursor [Pb(benzoylC2N2OSe-
Ethyl)2] (13) in 3.8 mL (46 mmol) of  propylamine, 3 mL of ethylenediamine (46 mL), 
14.2 mL ( 46 mmol) of oleic acid and 1:1 molar volume of dodecanthiol (10.8 mL, 46 
mmol) and oleylamine (15 mL, 46 mmol) and stirred at room temperature for 30 
minutes. 
  
6.4.6.  Synthesis of PbSe NCs from bis(N, N di-iso-butyl-N -4- nitrobenzoylseleno-
 ureato)lead(II) (14) 
12.7g (33 mmol) of trioctylphosphine (TOPO) and 1 ml (3 mmol) of oleic acid along 
with 4 ml (12 mmol) of octadecene were placed in three neck flask and heated to 100 oC 
under vacuum using Schlenk line for 30 minutes. Then flask was purged with nitrogen 
(N2) and again exposed to vacuum for 5 minutes. This procedure was repeated three 
times and heating was continued til 200 oC. Then 0.70g (0.7 mmol) of bis[N,N-di-iso-
butyl-N'-(4-nitrobenzoylselenoureato)lead(II)] (14) dissolved in 3mL (7 mmol) of  TOP 
and 1m (3 mmol) of octadecene was rapidly injected. The colour of the mixture 
changed instantly from yellow to black brown. The hot reaction flask was removed 
from the heating mantle within 60 s and was allowed to cool at room temperature. The 
addition of 20 ml of acetone into the flask gave a blackish precipitate which was  
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separated by centrifugation. The obtained material was suspended in 5 ml of toluene 
and re-precipitated by adding an excess of acetone to wash away any impurities and 
excess coating  agents. The purified nanoparticles stay suspended in toluene without 
any coagulation for several weeks.  
 
6.4.7.  Synthesis of PbS in olive oil  
PbO (0.90 g, 4 mmol) was dissolved in 12.5 mL of olive oil, 1 mL of oleic acid and 1 
mL of octadecene and heated to 150 °C under vacuum for 2 h. The flask was purged 
with nitrogen and the injection temperature was adjusted to 60 °C. In another flask 100–
600 µL (0.93–1.87 mmol) of bis(trimethylsilyl)sulfide (TMS) were dissolved in 2 mL 
of olive oil and 0.5 mL (1.5 mmol) of octadecene kept under nitrogen for 30 min at 
room temperature. The rapid injection of TMS solution into the reaction flask changed 
the colour of the reaction mixture from colourless to brown-red and then to dark black 
depending on the growth time (10–180 s) as monitored by a stopwatch. The mixture 
was cooled to room temperature and 20 mL of anhydrous acetone was added to give a 
black precipitate of PbS nanoparticles which was separated by centrifugation for 10 min 
at 4000 rpm. The material obtained was then redispersed in dry toluene (5 mL) and re-
precipitated by adding anhydrous acetone to wash off any excess olive oil. The purpose 
of the addition of oleic acid is to dissolve PbO completely while octadecene was added 
to decrease the viscosity of the mixture to induce uniform nucleation of nanoparticles.  
 
 
6.4.8.  Synthesis of PbSe in olive oil   
PbSe NCs were prepared by similar method as described above, except 15 µL (0.93 
mmol) of bis(trimethylsilyl)selenide (TMSe) and 50 °C growth temperature was used.
  
 
 
6.4.9.  Synthesis of PbSxSe1-x nanoalloys 
Typically 0.92 g (4 mmol) of PbO was dissolved in 12.5 mL of olive oil along with 1 
mL oleic acid and 1 mL of octadecene in a three neck flask fitted with thermometer. 
The contents of the flask were heated to 100 °C and kept at this temperature for 1 hr. 
Then N2 gas was introduced in flask and again heated to 130 °C. When temperature was 
stabilized 217 µL (0.28 mmol), of TMS were mixed with 260 µL (0.28 mmol) of TMSe 
(mole ratio 1:1) in 0.5 mL (1.5 mmol) of octadecne and 1 ml of olive oil and  rapidly  
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injected into the PbO-olive oil solution. The NCs were precipitated by adding 20 mL of 
anhydrous acetone and centrifuged for 10 minutes. The obtained brown-black residue 
was re-suspended in 5 mL of toluene and again 20 mL of acetone was added and 
centrifuged for 5 min. Similarly, by keeping constant concentration of TMSe 260 µL 
(0.28 mmol) and varying concentration of TMS 108 µL (0.21mmol), 54 µL (0.14 
mmol) and 162.75 µL (0.28 mmol) reaction was repeated under similar condition of 
temperature. Then concentraion of TMS (0.28 mmol) 217 µL was kept constant while 
changing concentration of TMSe from 195 µL( 0.75 mmol) to 130  µL (0.5 mmol). 
Growth time of each experiment was kept constant for 90 sec after which the reaction 
was quenched with cold water.  
 
6.4.10. Synthesis of quaternary core/shell/shell type lead chalcogenide   
 nanocrystals  
0.92 g (4 mmol) of PbO dissolved in 12.5 mL of olive oil with 1 mL oleic acid (3 
mmol) and 1 mL (3 mmol) of octadecene (OD) in three neck flask fitted with 
thermometer. The contents of the flask were heated to 100 °C and kept at this 
temperature for 1 hour. Then flask was purged with N2 gas and again heated to 185 °C. 
1.5 mL of Te-TOP solution (1M, 254 mg of Te) was rapidly injected and stirred for 60 
seconds. The NCs were precipitated by adding 20 mL of anhydrous acetone and 
centrifuged for 5 minutes. 2 mL solution of PbTe NCs (0.25 M) prepared in toluene was 
again dissolved in 12.5 mL of olive oil with 1 mL oleic acid (3 mmol) and 1 mL of 
octadecene (3 mmol) and heated to 160 °C under nitrogen. Then 1.5 mL of Pb-oleate 
solution (0.1M, 23.9 mg of PbO) and 1.5 mL of TOP-Se solution (0.1M, 158 mg of Se) 
was slowly added over a period of 10 minutes. The as-deposited nanocrystals were 
purified by similar method described above. Finally, 2 mL of toluene solution of 
PbTe@PbSe NCs (0.1 M) was dissolved in 12.5 mL of olive oil with 1 mL oleic acid (1 
mmol) and 1 mL of octadecene (1mmol). The contents of the flask were heated to 130 
°C and 1 mL TOP-S solution (0.1M) and 1 mL of Pb-oleate solution (0.1M, 23.9 mg of 
PbO) were slowly added. The growth time used in final step was 90 seconds. The PbTe/ 
PbSe/ PbS NCs were precipitated by adding 20mL of anhydrous acetone and 
centrifuged for 10 minutes. The obtained brown- black residue was re-suspended in 5 
mL of toluene and again 20 mL of acetone was added and centrifuged for 5 minutes.  
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6.4.11.  Synthesis of alloy type PbTe/ PbSe/PbS
 
NCs  
PbO (0.92g, 4 mmol) was dissolved in 12.5 mL of olive oil with 1 mL (3 mmol) oleic 
acid and 1 mL (3 mmol) of octadecene in three neck flask fitted with thermometer. 1 
mL of 0.1M (3.2mg of S) of TOP-S, 1 mL of 0.1 M (7.9mg of Se) of TOP-Se and 1 mL 
of TOP-Te (12.7 mg of Te) (prepared separately under N2) mixed together and then 
rapidly injected in PbO-olive oil mixture at 185 °C and kept at this temperature for 90 
seconds. The NCs were precipitated by adding 20 mL of anhydrous acetone and 
centrifuged for 10 minutes. The obtained brown-black residue was re-suspended in 5 
mL of toluene and again 20 mL of acetone was added and centrifuged for 5 minutes.  
 
6.4.12.  Synthesis of PbSe ‘worm’ like structures  
The as prepared PbSe NCs (0.2 mg) was suspended in 30 mL of anhydrous toluene to 
prepare the dilute solution for Transmission Electron Microscopy (TEM). Toluene 
solution of PbSe NCs was left at room temperature for four weeks and a sample was 
then taken for TEM. 
 
6.4.13.  Synthesis of Au nanocrystals 
The synthesis of Au nanocrystals was carried out according to the procedure given in 
reference 3 and briefly described as below: 0.125 g (0.137 mmol) of HAuCl3.4H2O was 
dissolved in 10 mL of distilled water. 0.20 g (0.336 mmol) of tetraoctylammonium 
bromide (TOAB) was added in 5.12 mL of toluene. Both solution were mixed together 
and stirred vigorously at room temperature. To this solution 2 mL of trioctylphosphine 
(TOP) was added. The mixture turned milky white immediately. Finally, 40 mg (1.16 
mmol) of NaBH4 dissolved in 5 mL of distilled water was added slowly and whole 
mixture was stirred 30 minutes. The colour changed to deep brown/black indicating the 
formation of Au NCs. The as-prepared Au NCs was precipitated by addition of acetone 
and centrifuged for 10 minutes.  
 
6.4.14.  Synthesis of Triethyl Bismuth 
 
Following the procedure in reference 4, triethyl Bismuth was prepared as below: 1.5 g 
(5 mmol) of Bismuth trichloride was added in 10 mL of diethyl ether at room 
temperature and stirred for 10 minutes to dissolve it. The flask was then placed in ice-
salt mixture for 5-10 minutes. When temperature dropped below 0 oC, 2 mL (15 mmol)  
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of C2H5MgBr in 20 mL of anhydrous diethyl ether was rapidly injected and stirred for 5 
minutes. Finally, flask was removed from ice-salt mixture and stirred at room 
temperature for four hours under N2 atmosphere. The obtained milky solution contained 
Magnesium salt (MgBrCl) and triethyl Bismuth. The solid material (MgBrCl) was 
separated by centrifugation and triethyl Bismuth recovered as supernatant layer.  

6.4.15.  Synthesis of Au@Bi NCs 
Following the method in reference 3 the coating of Au nanocrystals by Bi was 
performed as below: 2.5 mL of 0.05 M solution of Au NCs prepared above in toluene 
was placed in two neck flask fitted with condenser under nitrogen. To this solution 4 
mL (23 mmol) of diphenyl ether and 0.60 mL (1.3 mmol) of TOP were added and 
heated to 100 oC under nitrogen. After 10 minutes, 75 µL of Bi(C2H5)3 in 4 mL of 
diphenyl ether and (23 mmol) 0.6 mL (1.3 mmol) of TOP were rapidly injected and 
stirred for 2 minutes. Upon cooling of the contents of flask, acetone was added and 
centrifuged for 5 minutes. Au nanocrystals coated with Bi were dissolved in 1 mL (3 
mmol) of oleic acid and kept in fridge for further experiments. For comparative study, 
Au @Bi toluene solution with absorbance = 0.84 was used in all experiments. 
 
6.4.16.  Synthesis of PbSe nanowires (NWs) 
Typical procedure involved heating of 5.5 g (14 mmol) of TOPO under vacuum for 10 
minutes at 130 °C and again heated till temperature stabilized at 290 °C-295 °C under 
nitrogen. In another two neck flask, 0.2 g (0.1 mmol) of bis[N, N diethyl-N’- 
naphthoylselenoureato]lead(II) (16) and Au@Bi (40-120 µL, 0.1-0.6 mmol) or 40 µL 
(0.1 mmol) Au nanocrystals solution was dissolved under nitrogen and stirred at room 
temperature. This stock solution was then rapidly injected in TOPO at 290 °C. Growth 
time of 1-60 minutes was used.  
 
6.4.17. Ligand exchange reaction of  nanocrystals  
100 mg (0.4 mmol) of PbS nanoparticles were placed in 100 mL round bottom flask 
containing 30 mL (300 mmol) of butylamine under nitrogen atmosphere. The flask was 
then wrapped with black paper and stirred at room temperature for 24 hours. 
Butylamine capped PbS nanoparticles were precipitated by adding 10 mL of 
isopropanol and then subsequently washed three times with isopropanol.  
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6.4.18.  Composition of olive oil  
The olive oil used in this study was purchased from Tesco supermarket, UK. For 
consistent results, same brand of extra virgin olive oil was used. The composition of 
extra virgin olive oil per 100g, Protein 0, Carbohydrate 0, Salt/fibers 0, Fats, Mono-
unsaturated 14.3 g, Polyunsaturated 8.2 g, Saturated 14.3 g. 
 
6.4.19.  Sensitization of PbS NCs   
ZnO–SnO2 coated FTO substrates were placed in 3-mercaptopropanoic acid (10 mL) in 
100 mL flask under N2 atmosphere for 14 h. Due to high affinity of the COOH group 
towards Lewis acid sites on oxide surface, –COOH groups adsorbed on the surface 
leaving –SH ends away from the surface. In another 100 mL flask 85mg of PbS 
nanoparticles prepared in olive oil were dissolved under nitrogen in 10 mL of 
anhydrous toluene. After 14 h substrates were removed one by one and washed with dry 
toluene to remove excess of 3-mercaptopropanoic acid from the electrode surfaces. 
They were immediately placed in a dry toluene solution of PbS nanoparticles prepared 
in olive oil overnight. Within the first hour ZnO–SnO2 surface turned brown in colour 
indicating the start of the sensitization process. The free –SH group has a high affinity 
towards PbS dots which will gradually replace triglycerides of olive oil from the surface 
of PbS dots, thus attaching the dots directly to the oxide surface via the –SH group of 
mercaptopropanoic acid as the linker. On the completion of the sensitization process, 
the substrates were removed and washed with toluene to remove loosely attached PbS 
nanoparticles from the electrode surface. The sensitization process was carried out 
under N2 and in the dark. 
6.4.20.  Synthesis of ZnO-SnO2 electrode  
The ZnO-SnO2 composite electrode used in this study was prepared by Dr. 
Wijayantha’s research group in the department of Chemistry, Loughborough 
University. It was prepared by AACVD method using a single source precursor solution 
containing Zn and Sn (50 mol% Zn: 50 mol%Sn). This single source precursor solution 
was made by dissolving 2.97 g (10 mmol) of zinc nitrate  in 200 ml of methanol  3.56 g 
(40 mmol) of N,Ndimethylaminoethanol and 2.62 g (10 mmol) of tin(IV) chloride in a  
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flask placed in an ice bath and stirred for 30 minutes. Decomposition of the precursor 
occured in the heated zone (~ 420 °C) resulting in a thin film of ZnO-SnO2 composite 
on the fluorine-doped tin oxide (FTO) glass substrates (TEC 8, ~ 8Ω, Pilkington). The 
thickness of the films was controlled by varying the deposition time. However in this 
study all the films were deposited for 30 minutes. The ZnO-SnO2 composite electrodes 
were then annealed in air at temperatures ranging from 200 to 500 °C. A thin buffer 
layer of indium sulfide, In2.77S4, was deposited by chemical-bath deposition (CBD) on 
the porous ZnO-SnO2 composite film using 0.025 M InCl3 and 0.1 M C2H5NS and 2 ml 
of 1 M HCl for 30 minutes. This cycle was repeated threetimes in order to obtain an 
appropriate film thickness and was then annealed in argon at 300 °C for 30 minutes 
 
6.4.21. Sensitisation of ZnO-SnO2 electrode with PbSe NCs  
To sensitise the FTO / ZnO-SnO2 / In2.77S4 electrodes with PbS, two strategies were 
employed. The first approach (D-1) involved the direct sensitization of olive oil capped 
PbSe NCs to the electrodes. In this case the electrode was initially washed in a solution 
of 0.05 M 1, 2-ethanedithiol (EDT) in anhydrous acetonitrile by dipping the substrate 
(1cms-1) at a 45º angle three times in the EDT solution. After the evaporation of any 
residual solvent the electrode was dipped in a colloidal solution of PbSe NCs in hexane 
(10 mg/1 mL) using the same angle and dipping rate. Following the complete 
evaporation of the hexane from the electrode, the sample was once again washed with 
the EDT solution.  Subsequently the electrode was rotated by 90º and dipped in the 
solution of PbSe NCs (dipping rate ~1 cms-1).  This process was repeated 4 times to 
produce a uniformly thick layer of PbSe NCs on the electrode.   
In second method (D-2), sensitization of EDT-capped PbSe NCs was carried out. First 
lignad exchanged reaction was performed with EDT. In a two necked flask, 0.5 M EDT 
was added into 10 mL of acetonitrile and placed under vacuum for 5 minutes.  The EDT 
solution was then gradually heated up to 60 ºC under N2. In a separate flask 50 mg of 
solid PbS NCs were dissolved in 2 mL of anhydrous acetonitrile, and subsequently 
rapidly injected in to the EDT solution. The temperature of the solution was lowered to 
40 ºC and it was stirred for 5 minutes. The EDT-capped PbS NCs were washed and 
purified by dissolving the product in chloroform. The mixture was then centrifuged for 
5 minutes, and the obtained EDT-PbSe NCs were then used to sensitize the electrodes.  
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First electrode was dipped in the 0.05 M 1,2-ethanedithiol (EDT) anhydrous acetonitrile 
solution by dipping it (1cms-1) at a 45º angle  for 2 minutes. After drying electrode, it 
was placed in EDT-capped PbSe NCs dissolved in chloroform for 2 minutes and 
removed slowly (1cms-1). It was then again placed in the 0.05 M 1,2-ethanedithiol 
(EDT) in anhydrous acetonitrile solution at angle of 90º and dipped in the solution of 
PbSe NCs (dipping rate ~1 cms-1). This method was repeated 6-8 times to deposit thick-
layer of PbSe NCs on the electrode. The remaining porous void space was filled with 
the hole collector, [Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)] 
(PEDOT:PSS) by spin coating. The fabrication of the ETA cell was then completed by 
providing the Cgraphite back contact (by sandwiching the device with agraphite coated 
FTO counter electrode). The typical area of a completed cell is approximately 0.3 cm2. 
 
6.5. Characterisation techniques 
 
6.5.1. Transmission Electron Microscopy (TEM) 
 
The transmission electron microscope (TEM) is essential tool for the structural imaging 
of nanometer-sized features. As its name implies, the TEM is used to obtain structural 
information from specimens thin enough to transmit electrons. In the TEM, electrons 
are transmitted through a thinly sliced specimen and form an image on a fluorescent 
screen or photographic plate. Those areas of the sample that are more dense will 
transmit fewer electrons (i.e. will scatter more electrons) and will therefore appear 
darker in the image. If we compared TEM to a slide projector, the slide is (specimen) 
illuminated by light (electron beam) that first passes through the condenser lens 
(electromagnetic condenser lens). In operation, electrons are thermo ionically emitted 
from the gun and typically accelerated to anywhere from 125 to 300 keV or higher (e.g., 
1 MeV) in some image Diffraction pattern. In addition, TEM also provides the means to 
obtain a diffraction pattern from a small specimen area, Selected Area Diffraction 
(SAD). This diffraction pattern is obtained in diffraction mode, where the post-
specimen lenses are set to examine the information in the transmitted signal at the back 
focal plane of the objective lens. In SAD, the condenser lens is defocused to produce 
parallel illumination at the specimen and a selected-area aperture is used to limit the 
diffracting volume. Many spots, or reflections, are evident in this pattern, due in part to  
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the special orientation of the sample. SAD patterns often are used to determine the 
Bravais lattice and lattice parameters of crystalline materials. 
 
6.5.2.  Powder X-ray Diffraction 
X-ray Diffraction (XRD) is a powerful technique used to identify the crystalline phases 
present in materials and to measure the structural properties (strain state, grain size, 
epitaxy, phase composition, preferred orientation, and defect structure) of these phases. 
X-ray Diffraction is a non-contact and nondestructive technique, which makes it ideal 
for structure studies. A simple basic principle of X-ray diffraction, can be understood 
by Bragg equation. It shows that the angle of incidence could be calculated very easily 
in terms of the path difference between a ray reflected by one plane and that reflected 
by the next plane after it in the lattice. By comparing the positions and intensities of the 
diffraction peaks against a library of known crystalline materials, the target material can 
be identified.  In addition to this, multiple phases in a sample can be identified and 
quantified. Even if one of the phases is amorphous, XRD can determine the relative 
amount of each phase. When crystallites are less than approximately 100 nm in size, 
appreciable broadening in the x-ray diffraction lines will occur. Peak broadening, in 
fact, corresponds to the actual size of the particles. The observed line broadening can be 
used to estimate the average particle size. In the simplest case where the particles are 
stress-free, the size can be estimated from a single diffraction peak. The extent of 
broadening is described by the full width at half maximum intensity of the peak.  
6.5.3.  Scanning Electron Microscopy (SEM) 
Scanning electron microscope (SEM) is used to observe the surface morphology of the 
sample. It uses high energy beams of electrons which interact with atoms present on the 
surface and produce image. Different types of signals are produced in SEM, including 
x-rays, back scattered electrons (BSE) and secondary electrons. Secondary electrons are 
important to study the surface morphology of samples. BSE and x-ryas emitted from 
sample are used for analytical study of sample. 
 Energy dispersive x-ray analysis (EDAX) is another useful analytical technique 
to determine the composition of sample. In this case, incident beam of electrons ejects 
an electron from inner shell (K, L). This process creates a hole in inner shell, this hole is 
filled by an outer electron. The difference in energy between the higher-energy shell  
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and the lower energy shell is released in the form of an x-ray. The number and the 
energy of the x-rays emitted from a specimen can be measured by an energy-dispersive 
spectrometer. As the energy of the X-rays are characteristic of the difference in energy 
between the two shells, and of the atomic structure of the element hence this powerful 
technique to determine the chemical composition of sample. 
 
6.5.4.  X-ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) or electron spectroscopy for chemical analysis 
(ESCA) is a valuable technique to quantify chemical composition of material. More 
precisely, XPS can be used to determine both composition and chemical state of the 
elements present in a given material. All type of materials, conductors, semiconductors 
and insulators can be analyzed by this technique.5 The sample is placed in an ultrahigh 
vacuum environment and exposed to a low-energy, monochromatic x-ray source. The 
incident x-rays cause the ejection of core-level electrons from sample atoms. The 
energy of a photo emitted core electron is a function of its binding energy and is 
characteristic of the element from which it was emitted. When the core electron is 
ejected by the incident x-ray, an outer electron fills the core hole. The energy of this 
transition is balanced by the emission of an Auger electron or a characteristic x-ray. The 
XPS analysis is used in a number of industrial processes including semiconductor and 
dielectric materials, electronics packaging, magnetic media, catalysis, corrosion, 
adhesion and thin film coatings.5 
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6.7. Appendix  
Tables of crystal refinement parameters 
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Table 1. Crystal refinement parameters of compound (1) were obtained from X-ray 
single crystal crystallography.  
 
 
Empirical formula C18 H20 N2 Pb S4 
Formula weight 599.79 
Temperature 100(2) K 
Wavelength 0.71069 A 
Crystal system, space group Monoclinic,  P2/c 
Unit cell dimensions a =10.1600(17) Ab = 5.1600(9) 
A c = 18.758(3) A ,α = 90 deg. 
Β = 94.687(4) deg., γ = 90 deg. 
Volume (A3) 980.1(3) 
Z, Calculated density 2,  2.032 Mg/m3 
Absorption coefficient 9.037 mm-1 
F(000) 576 
Crystal size 0.20 x 0.20 x 0.15 mm 
Theta range for data collection 2.01 to 26.42 deg. 
Limiting indices -12<=h<=12 
-6<=k<=6 
-23<=l<=22 
Reflections collected / unique 7384 / 2021 
Completeness to theta 26.42 99.6 % 
Absorption correction 1.000 and 0.653 
Max. and min. transmission Full-matrix least-squares on F^2 
Refinement method 2021 / 0 / 115 
Data / restraints / parameters 1.073 
Goodness-of-fit on F2 R1 = 0.0129, wR2 = 0.0305 
Final R indices [I>2σ(I)] R1 = 0.0132, wR2 = 0.0306 
R indices (all data) 0.597 and -0.297 e.A-3 
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Table. 2. Crystal refinement parameters of compound (10) were obtained from X-ray 
single crystal crystallography.  
 
 
Empirical formula C24 H20 P2 Pb S2 Se2 
Formula weight 799.57 
Crystal system, space group Triclinic,  P-1 
Unit cell dimesnions a = 9.006 A , b = 10.928 A,  
c = 12.770 A   alpha = 99.36 
deg., beta = 90.01 deg. 
gamma = 98.07 deg. 
Volume 1227.4 A^ 
Z, Calculated density 2,  2.163 Mg/m^3 
Absorption coefficient 10.150 mm^-1 
Crystal size 0.15 x 0.15 x 0.05 mm 
Theta range for data collection 1.62 to 26.55 deg. 
Data / restraints / parameters 4935 / 32 / 276 
Goodness-of-fit on F^2 1.018 
Final R indices [I>2sigma(I)] R1 = 0.0450, wR2 = 0.0991 
R indices (all data) R1 = 0.0653, wR2 = 0.1073 
Largest diff. peak and hole 
Completeness to theta = 26.55     
96.2 % 
1.927 and -1.863 e.A^-3 
Reflections collected / unique 7081 / 4935 [R(int) = 
0.0300] 
Limiting indices -11<=h<=11, -13<=k<=8, -
16<=l<=15 
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Table 3. Crystal refinement parameters of compound (12) and (14) were obtained from 
X-ray single crystal crystallography.  
 
Empirical formula C32 H44 N6 O6 Se2Pb 
(14) 
C16 H23 N3 O3 Se (12) 
Formula weight 973.84 384.33 
Temperature 100(2) K 100(2) K 
Wavelength 0.71073 Å 0.71073 Å 
Crystal system, space 
group 
Orthorhombic,  Iba2 Monoclinic,  P2(1)/c 
Unit cell dimensions a = 17.853(3) Å   
alpha = 90 deg.                                         
b = 19.592(3) Å    
beta = 90 deg. 
c = 10.5264(16) Å 
gamma = 90 deg. 
a = 7.5909(15) Å  alpha = 
90 deg. b = 24.000(5) Å    
beta = 98.320(4) deg. 
c = 9.916(2) Å   gamma = 
90 deg. 
Volume 3681.9(10) A^3 1787.4(6) A^3 
Z, Calculated density 4,  1.757 Mg/m^3 4,  1.428 Mg/m^3 
Absorption coefficient 6.608 mm^-1 2.118 mm^-1 
F(000) 1904 792 
Crystal size 0.20 x 0.06 x 0.04 
mm 
0.25 x 0.20 x 0.04 mm 
Theta range for data collection   2.08 to 
26.42 deg. 
1.70 to 28.29 deg. 
Limiting indices -22<=h<=18, -
24<=k<=21, -
11<=l<=13 
8<=h<=10, -29<=k<=31, 
-12<=l<=9 
Reflections collected / 
unique 
10418 / 3525 [R(int) 
= 0.0572] 
11238 / 4162 [R(int) = 
0.1010] 
Completeness to theta = 
26.42 
99.4 % Completeness to theta = 
25.00     99.8 % 
Max. and min. 
transmission 
1.000 and 0.745 0.9201 and 0.6195 
Refinement method Full-matrix least-
squares on F^2 
Full-matrix least-squares 
on F^2 
Data / restraints / 
parameters 
3525 / 448 / 410 4162 / 0 / 212 
Goodness-of-fit on F^2 1.010 0.725 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0375, wR2 = 
0.0613 
[I>2sigma(I)]     R1 = 
0.0474, wR2 = 0.0764 
R indices (all data) R1 = 0.0621, wR2 = 
0.0671 
R1 = 0.1020, wR2 = 
0.0876 
Largest diff. peak and 
hole 
1.043 and -0.434 
e.A^-3 
0.503 and -0.432 e.A^-3 
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Table 4. Crystal refinement parameters of compound (15) and (16) were obtained from 
X-ray single crystal crystallography.  
  
Empirical formula C16 H18 N2 O Se 
(15) 
C64 H68 N8 O4 Pb2 Se4 
(16) 
Formula weight 333.28 1743.48 
Temperature 100(2) K 100(2) K 
Wavelength 0.71073 A 0.71073 A 
Crystal system, 
space group 
Triclinic,  P-1 Monoclinic,  P2(1)/c 
Unit cell 
dimensions 
a = 11.1943(8) A   alpha = 
72.6300(10) deg. 
b = 11.2670(8) A    beta = 
85.2970(10) deg. 
c = 13.5411(10) A   gamma = 
66.5000(10) deg. 
a = 10.589(3) A   alpha = 
90 deg. 
b = 11.059(3) A    beta 
=98.888(7) deg. 
c = 26.538(7) A   gamma = 
90 deg. 
Volume 1493.47(19) A^3 3070.3(14) A^3 
Z, Calculated 
density 
4,  1.482 Mg/m^3 2,  1.886 Mg/m^3 
Absorption 
coefficient 
2.511 mm^-1 7.902 mm^-1 
F(000) 680 1680 
Crystal size 0.35 x 0.20 x 0.03 mm 0.17 x 0.10 x 0.03 mm 
Theta range for 
data 
1.58 to 28.24 deg. 1.55 to 25.03 deg. 
Limiting indices -14<=h<=14, -15<=k<=14, -
17<=l<=17 
-12<=h<=11, -
13<=k<=13, -31<=l<=24 
 
Reflections 
collected / unique 
13003 / 6788 [R(int) = 
0.0229] 
15773 / 5430 [R(int) = 
0.1199] 
 
Completeness to 
theta = 25 
99.3 % 25.00     100.0 % 
Max. and min. 
transmission 
0.9285 and 0.729539 0.7975 and 0.291698 
Refinement 
method 
Semi-empirical from 
equivalents 
Full-matrix least-squares 
on F^2 
 
Data / restraints / 
parameters 
6788 / 0 / 373 5430 / 14 / 355 
Goodness-of-fit 
on F^2 
1.126 
 
0.977 
Final R indices 
[I>2sigma(I)] 
R1 = 0.0406, wR2 = 0.0854 R1 = 0.0590, wR2 = 
0.1134 
R indices (all 
data) 
R1 = 0.0477, wR2 = 0.0895 R1 = 0.1191, wR2 = 
0.1477 
Largest diff. peak 
and hole 
0.670 and -0.403 e.A^-3 1.103 and -1.233 e.A^-3 
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